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Abstract:  As  part  of  the  USGCRP  research  framework  on  coastal  lands  and  ecosystems,  the  Biological 
Resources  Division  of  the  U.S.  Geological  Survey  (National  Wetlands  Research  Center)  entered  into  partnership 
with  Rice  University,  Louisiana  State  University,  Duke  University,  Clemson  University,  University  of 
Southwestern  Louisiana,  University  of  Georgia,  and  the  Virginia  Institute  of  Marine  Science  (College  of  William 
and  Mary)  to  (1)  document  the  current  state  and  vulnerability  of  coastal  ecosystems  including  an  assessment  of 
past  changes  in  land  cover,  (2)  develop  an  understanding  of  the  processes  which  underlie  these  changes,  and  (3) 
predict  the  extent  of  future  alterations  to  these  habitats  and  the  consequences  for  the  sustainability  of  the 
resource  and  land  base.  This  document  summarizes  the  initial  findings  of  our  collaborative  efforts.  Overall,  the 
studies  exemplify  an  integrated  approach  addressing  questions  at  the  species,  community,  and  landscape  levels 
of  organization  and  focusing  on  factors  related  to  hydroperiod,  sea-level  rise,  disturbance  events,  and  coastal 
marsh  submergence. 

Key  Words:  Climate  change,  sea-level  rise,  coastal  ecosystems,  subsidence,  disturbance  events,  hydroperiod 
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Chapter  1 : 

Overview  of  Coastal  Wetland  Global 
Climate  Change  Research 


Glenn  R.  Guntenspergen%  Beth  A.  Vairin,  and  Virginia  Burkett 
U,S.  Geological  Survey 
National  Wetlands  Research  Center 
700  Cajundome  Blvd. 

Lafayette,  Louisiana  70506 


The  potential  impacts  of  climate  change  are  of  great  prac¬ 
tical  concern  to  those  interested  in  wetland  resources.  In 
particular,  land  managers  need  a  better  understanding  about 
the  potential  environmental  consequences  of  climatically 
induced  changes  and  how  management  practices  may  in¬ 
fluence  or  preserve  critical  habitat  and  mitigate  potential 
ecosystem  change.  The  U.S.  Global  Change  Research  Pro¬ 
gram  (USGCRP)  was  undertaken  to  provide  a  stronger  sci¬ 
entific  basis  for  understanding,  predicting,  assessing,  and 
responding  to  the  causes  and  consequences  of  changing 
climate.  Among  the  areas  of  greatest  risk  in  the  United 
States  are  low-lying  coastal  habitats  and  ecosystems  along 
the  northern  Gulf  of  Mexico  and  southeast  Atlantic  coasts. 
These  areas  are  vulnerable  to  the  effects  of  climate-related 
change  because  of  their  elevation  relative  to  sea  level,  low 
relief,  and  exposure  to  a  host  of  human-induced  stresses. 

The  Intergovernmental  Panel  on  Climate  Change  (IPCC) 
has  developed  a  range  of  scenarios  for  future  greenhouse 
gas  and  aerosol  precursor  emissions  which,  when  coupled 
with  “best  estimate”  values  of  climate  sensitivity  and  ice 
melt  sensitivity  to  warming,  project  an  increase  in  mean 
global  sea  level  ranging  from  15-95  cm  by  the  year  2100 
with  a  projected  global  mean  mid-range  increase  of  50  cm 
(Intergovernmental  Panel  on  Climate  Change  1995b).  That 
increase  will  result  in  widespread  inundation  of  coastal 
areas,  loss  of  coastal  wetlands,  and  loss  of  many  economic 
support  functions  those  ecosystems  provide.  Indeed,  sea- 
level  rise  that  has  occurred  since  1940  has  already  inun¬ 
dated  areas  of  the  southeastern  U.S.  coastal  zone.  A 


projected  additional  30%  loss  of  coastal  wetlands  with  a 
50  cm  increase  in  sea-level  is  of  tremendous  economic  and 
biological  importance  (OTA  1993).  Coastal  wetlands  pro¬ 
vide  essential  habitat  for  many  endangered  and  threatened 
species  as  well  as  supporting  an  economically  important 
sports  fisheries.  The  coastal  areas  of  Louisiana  alone  pro¬ 
vide  the  natural  resource  base  for  a  fish  and  shellfish  in¬ 
dustry  of  over  $l-billion-per-year. 

Partners 

As  part  of  the  USGCRP  research  framework  on  coastal 
lands  and  ecosystems,  the  Biological  Resources  Division 
of  the  U.S.  Geological  Survey  (National  Wetlands  Research 
Center)  entered  into  partnership  with  Rice  University,  Loui¬ 
siana  State  University,  Duke  University,  Clemson  Univer¬ 
sity,  University  of  Southwestern  Louisiana,  University  of 
Georgia,  and  the  Virginia  Institute  of  Marine  Science  (Col¬ 
lege  of  William  and  Mary)  to: 

(1)  document  the  current  state  and  vulnerability  of  coastal 
ecosystems  including  an  assessment  of  past  changes  in  land 
cover,  (2)  develop  an  understanding  of  the  processes  which  un¬ 
derlie  these  changes,  and  (3)  predict  the  extent  of  future  alter¬ 
ations  to  these  habitats  and  the  consequences  for  the 
sustainability  of  the  resource  and  land  base. 

This  document  summarizes  the  initial  findings  of  our 
collaborative  efforts.  Overall,  the  studies  exemplify  an  in¬ 
tegrated  approach  addressing  questions  at  the  species, 
community,  and  landscape  levels  of  organization  and  fo¬ 
cusing  on  factors  related  to  hydroperiod,  sea-level  rise, 
disturbance  events,  and  coastal  marsh  submergence. 
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Climate  Change  and  Threatened 
Coastal  Habitats 

Coastal  wetlands  are  particularly  vulnerable  to  the  ef¬ 
fects  of  global  climate  change.  Located  on  the  interface 
between  land  and  water,  wetlands  will  be  affected  by  large- 
scale  climatic  shifts.  For  example,  subsidence  (the  rate  at 
which  land  is  sinking  with  respect  to  sea  level)  and  sea- 
level  rise  (caused  by  thermal  expansion  of  oceans  and  melt¬ 
ing  of  polar  ice  caps  and  glaciers)  are  currently  not  being 
balanced  by  accretion  (sediment  accumulation)  in  many 
wetlands  along  the  northern  Gulf  of  Mexico  Coast,  result¬ 
ing  in  increased  flooding,  saltwater  intrusion  into  fresh¬ 
water  wetlands,  and  erosion  of  the  coastline.  Through  natu¬ 
ral  processes,  many  coastal  wetlands  maintained  their  rela¬ 
tive  elevation  to  gradual  increases  of  1-2  mm  per  year  in 
sea-level  rise  over  the  last  several  hundred  years,  but  these 
rates  are  projected  to  increase  twofold  to  threefold  during 
the  next  century  (Intergovernmental  Panel  on  Climate 
Change  1995b). 

Global  change  models  for  the  southeastern  United  States 
predict  a  change  in  the  temperature  regime  but  no  reliable 
changes  in  precipitation  patterns  (Giorgi  et  al.  1994).  Re¬ 
gional  models  have  predicted  a  3  to  4°  C  increase  in  tem¬ 
perature  region  wide;  however,  all  coupled  ocean-atmo¬ 
spheric  models  used  in  the  IPCC’s  Second  Assessment 
Report  predict  an  increase  in  precipitation  over  mid  to  high 
latitude  regions  as  a  result  of  a  warmer  climate.  Variations 
in  patterns  of  precipitation  and  temperature  can  affect  the 
growth  of  individual  trees,  tree  species  population  dynam¬ 
ics,  ecosystem  structure,  and  the  geographic  distribution 
of  low  lying  forests  and  forest  communities  lying  at  the 
interface  between  terrestrial  and  aquatic  systems. 

Underlying  the  predicted  climatic  change  is  an  overall 
increase  in  carbon  dioxide  concentrations  in  the  atmo¬ 
sphere.  The  current  evidence  suggests  that  high  concen¬ 
trations  of  atmospheric  carbon  dioxide  will  affect  atmo¬ 
spheric  and  oceanic  processes  that  will  have  an  impact  on 
coastal  wetlands  (Edgerton  1991).  Curtis  et  al.  (1989) 
showed  that  salt  marsh  communities  directly  respond  to 
increased  atmospheric  carbon  dioxide  with  increases  in 
biomass  production.  Although  these  increases  may  ap¬ 
pear  to  be  positive  effects,  the  long-term  response  of  veg¬ 
etation  to  elevated  carbon  dioxide  levels  is  still  uncertain. 
Translating  the  responses  at  the  cellular  and  leaf  level  in 
controlled  experiments  to  community  and  ecosystem  re¬ 
sponses  is  difficult  (Solomon  and  Shugart  1993).  Increased 
atmospheric  carbon  dioxide  concentrations  should  also  re¬ 
sult  in  a  linearly  proportional  increase  in  dissolved  carbon 
in  coastal  waters,  which  may  potentially  affect  the  biology 
and  ecology  of  submersed  plant  communities. 

Global  climate  models  also  include  predictions  about 
the  nature  of  tropical  storms  (Emanuel  1987;  Knutson  et  al. 
1998).  The  coastal  zones  of  the  Gulf  of  Mexico  and  parts  of 


the  southern  Atlantic  Ocean  are  particularly  vulnerable  to 
hurricanes  as  evidenced  from  historical  patterns  of  storm 
tracks  and  the  consequences  of  recent  storms 
(Guntenspergen  and  Vairin  1996;  Michener  et  al.  1997). 
Freshwater  marshes  are  susceptible  to  pulses  of  salt  water 
during  storms.  Coastal  forests  are  susceptible  to  direct 
damage  from  wind  and  storm  surge  sufficient  to  alter  forest 
stmcture  and  diversity.  Animal  communities  are  locally  sus¬ 
ceptible  to  high  winds  and  flooding  associated  with  storms. 
And  coastlines  are  susceptible  to  geomorphic  changes  and 
erosion.  Although  the  IPCC  (1995)  concluded  that  the  sci¬ 
ence  is  currently  inadequate  to  state  whether  or  not  tropi¬ 
cal  storm  frequencies  or  intensities  will  increase,  some  glo¬ 
bal  climate  change  models  predict  changes  in  the  frequency 
and  intensity  of  tropical  storms  (Emanuel  1987). 

The  coastal  zone  of  the  southeastern  United  States  con¬ 
sists  of  a  matrix  of  open  water,  different  wetland  types,  and 
upland.  This  matrix  provides  habitat  for  distinct  groups  of 
wildlife.  Each  of  these  habitat  types  requires  an  improved 
understanding  if  we  are  to  predict  and  plan  for  changes 
caused  by  climate-induced  environmental  alteration. 

Submersed  aquatic  vegetation  (SAV),  both  freshwater 
communities  and  seagrasses,  provide  food  for  wintering 
diving  ducks  and  habitat  for  fish.  These  communities  are 
quite  sensitive  to  changes  in  their  physical  environment. 
Scenarios  for  future  climate  change  would  affect  the  loca¬ 
tion,  extent,  composition,  and  productivity  of  these  com¬ 
munities.  Coastal  emergent  marshes  provide  habitat  for  a 
different  array  of  waterfowl  and  terrestrial  wildlife  as  well 
as  serving  as  a  vital  nursery  habitat  for  fish  and  shellfish. 
These  habitats  are  particularly  vulnerable  to  the  effects  of 
submergence,  saltwater  intrusion,  and  tropical  storm  ac¬ 
tivity.  Forested  wetlands  and  upland  forested  systems  pro¬ 
vide  important  habitat  for  colonial  nesting  birds,  raptors, 
wintering  and  resident  waterfowl,  deer  and  other  mammals, 
and  Neotropical  migrants.  Lowland  forests  are  sensitive  to 
altered  hydrology,  salinity,  and  tropical  storms. 

Scientific  assessments  of  current  resource  condition,  an 
understanding  of  the  large-scale  processes  operating  in 
these  systems,  and  an  ability  to  predict  the  vulnerability 
and  adaptability  of  natural  and  managed  systems  to  the 
consequences  of  the  long-term  variations  of  the  physical 
environment  have  long  been  needed.  The  research  de¬ 
scribed  in  this  document  provides  some  understanding  of 
climate  change  impacts  on  U.S,  coastal  wetlands. 

Goals 

The  wetland  global  change  research  program  in  the  U.S. 
Geological  Survey  was  organized  in  a  hierarchical  frame¬ 
work  to:  (1)  identify  sensitive  ecosystems  and  critical  pro¬ 
cesses,  (2)  understand  their  current  condition,  (3)  develop 
new  tools  and  technology  to  identify  sensitive  systems 
and  measure  critical  processes,  (4)  develop  predictive  tools 
which  model  the  vulnerability  of  habitats  to  environmental 
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changes,  and  (5)  develop  management  recommendations 
to  ameliorate  the  potential  environmental  impacts  associ¬ 
ated  with  global  climate  change.  Research  in  the  Gulf  of 
Mexico  and  South  Atlantic  Coastal  Plain  has  concentrated 
on  land  managed  by  the  Department  of  the  Interior’s  U.S. 
Fish  and  Wildlife  Service’s  (USFWS)  National  Wildlife  Ref¬ 
uge  System  and  by  the  National  Park  Service  (NPS).  In  this 
region,  the  USFWS  manages  65  national  wildlife  refuges, 
and  NPS  manages  27  national  parks.  Climate  change  is  pro¬ 
jected  to  have  significant  regional  impacts  on  resource 
management  and  use  of  these  public  lands.  Southeastern 
coastal  wetlands  have  also  been  high  priority  areas  for 
state  fish  and  wildlife  agencies  because  of  the  renewable 
resource  base  associated  with  these  unique  and  vulner¬ 
able  habitats. 

Submersed  Aquatic  Plant  Communities 

Communities  of  submersed  aquatic  vegetation  (SAV) 
found  in  marine,  estuarine,  and  freshwater  environments 
within  the  northern  Gulf  of  Mexico  coastal  zone  provide 
critical  habitat  for  fish,  shrimp,  wintering  waterfowl,  and 
endangered  species  including  sea  turtles  and  manatees; 
reduce  erosion;  and  improve  water  quality. 

Field  and  laboratory  experiments  conducted  by  USGS 
scientists  addressed  the  possible  impact  of  elevated  dis¬ 
solved  inorganic  carbon,  sea-level  rise  and  salinity  in¬ 
creases,  and  increased  physical  disturbance  by  storms  on 
the  ecology  and  function  of  submersed  aquatic  plant  com¬ 
munities.  Studies  on  the  effects  of  elevated  dissolved  or¬ 
ganic  carbon  examined  the  photosynthetic  response  of 
phytoplanktonic,  benthic  microalgae,  and  macrophyte  com¬ 
ponents  of  these  habitats  as  a  potential  measure  of  shifts 
in  the  organization  and  structure  of  the  submersed  aquatic 
plant  community.  Increased  atmospheric  carbon  dioxide  is 
likely  to  lead  to  increased  concentrations  of  dissolved  car¬ 
bon  and  thus  lead  to  widespread  changes  in  the  produc¬ 
tivity  of  these  communities,  changes  in  the  food  quality  of 
these  species  for  fish  and  wildlife,  changes  in  the  growth 
patterns  of  the  plant  species,  changes  in  species  composi¬ 
tion,  and  possible  extirpation  of  SAV  by  competition  with 
phytoplankton  and  epiphytes. 

Greenhouse  experiments  with  wild  celery  {Vallisneria 
americana)  and  shoalgrass  (Halodule  wrightii)  exposed 
to  increased  levels  of  dissolved  inorganic  carbon  resulted 
in  changes  in  biomass  allocation,  ratio  of  carbon  to  nitro¬ 
gen  in  certain  tissues,  and  enhancement  of  epiphytic 
growth  on  the  seagrass  species.  These  experiments  did 
not  result  in  increased  growth  of  the  two  species  in  the 
short-term,  however. 

Rates  of  photosynthesis  increased  in  experimental  treat¬ 
ments  with  three  freshwater  SAV  species:  wild  celery, 
coontail  (Ceratophyllum  demersum),  and  hydrilla  {Hydrilla 
verticillata)  as  well  as  shoalgrass  exposed  to  higher 
concentrations  of  dissolved  carbon  dioxide.  The  results 


of  experiments  with  shoalgrass  are  particularly  significant 
because  seagrass  photosynthesis  is  often  thought  to  not 
be  limited  by  dissolved  inorganic  carbon  concentrations 
because  of  the  abundance  of  carbonate  carbon  in  the  wa-  ter 
column.  In  these  experiments,  the  lack  of  response  by 
widgeon  grass  {Ruppia  maritirm),  another  species  of  sub¬ 
mersed  aquatic  macrophyte,  was  likely  a  result  of  elevated 
levels  of  dissolved  inorganic  carbon  as  well  as  free  carbon 
dioxide. 

The  distribution  and  abundance  of  submersed  aquatic 
vegetation  along  salinity  gradients  has  long  been  recog¬ 
nized  for  many  coastal  areas  so  we  can  associate  general 
groups  of  species  with  broad  salinity  zones.  Our  under¬ 
standing  of  the  mechanisms  underlying  these  patterns,  how¬ 
ever,  is  limited.  Community  composition  at  any  location 
reflects  the  salinity  tolerances  of  individual  species  as  well 
as  the  biotic  interactions  among  species.  Although  these 
salinity  tolerances  have  been  determined  for  many  North 
American  SAV  species,  there  is  little  information  on  the 
relative  importance  of  biotic  interactions  in  structuring  SAV 
communities,  particularly  under  changing  environmental 
conditions.  Greenhouse  studies  assessed  the  salinity  toler¬ 
ance  of  six  of  the  most  common  SAV  species  found  in  the 
coastal  waters  of  the  United  States.  They  represented  a 
range  of  habitat  types  (from  freshwater  to  brackish).  Ad¬ 
ditional  experiments  determined  how  potential  distribution 
patterns  might  be  altered  by  competitive  interactions.  Spe¬ 
cies  known  to  be  strong  competitors  dominated  at  low  sa¬ 
linities  and  did  not  grow  well  at  the  high  end  of  the  salin¬ 
ity  gradient  because  of  a  physiological  intolerance  to  high 
salinity  conditions.  Species  tolerant  of  high  salinities 
proved  to  be  weak  competitors  at  low  salinity.  Species  pres¬ 
ence  appears  to  result  from  an  interaction  between  toler¬ 
ance  to  the  physiological  stress  associated  with  high  sa¬ 
linity  levels  and  the  ability  to  compete  and  grow  well  in  the 
presence  of  other  plant  species.  Predictions  for  alterations 
in  the  salinity  of  any  coastal  area  can  be  derived  from  physi¬ 
cal  information  on  local  geomorphology,  watershed  fresh¬ 
water  inputs,  volume  of  the  tidal  prism,  and  predicted  sea- 
level  rise.  This  information  can  then  be  used  to  predict 
changes  in  the  SAV  community  structure. 

An  increase  in  the  severity  or  frequency  of  tropical 
storms  associated  with  global  climate  change  could  have 
acute  impacts  on  coastal  SAV  communities.  Studies  which 
examined  the  role  of  chronic  physical  disturbance  in  pat¬ 
terns  of  seagrass  distribution  and  abundance  in  coastal 
Louisiana  were  initiated  so  that  predictions  about  the  re¬ 
sponses  of  coastal  SAV  to  increases  in  storm  disturbance 
could  be  made.  These  field  studies  indicated  that  seagrass 
community  structure  can  be  controlled  by  frequent  and 
relatively  minor  overwash  sediment  deposition  events.  One 
seagrass  species,  turtlegrass  (Thalassia  testudinum),  was 
found  in  protected  areas  characterized  by  nutrient-rich  sedi¬ 
ments  of  high  organic  content  and  low  sand  content. 
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Another  dominant  seagrass  species,  manatee  grass 
{SyringodiumfiliformeX  was  found  in  patches  characterized 
by  sandy  sediments.  Increasing  the  deposition  of  sandy 
beach  and  offshore  sediments  in  seagrass  beds  will  result 
from  a  rise  in  the  frequency  of  low  intensity  storms.  The 
chronic  effects  of  the  predicted  increases  in  sediment  depo¬ 
sition  from  storm-generated  waves  is  expected  to  cause  a 
shift  in  community  structure  and  species  composition  of 
these  habitats  to  species  commonly  found  after  disturbance. 

Coastal  Marshes 

The  loss  of  coastal  wetlands  in  the  southeastern  United 
States  has  accelerated  in  the  face  of  relative  sea-level  rise 
during  the  past  50  years.  Although  many  coastal  wetlands 
have  maintained  their  elevations  relative  to  sea  level  in 
spite  of  a  1-2  mm  per  year  rise  in  mean  sea  levels,  local 
geomorphic  processes  complicated  by  human  activities 
have  led  to  the  submergence  of  coastal  wetlands  and 
contributes  to  rates  of  coastal  wetland  loss  in  south  Louisiana 
exceeding  65  km^  per  year.  Areas  in  south  Louisiana  with 
high  local  rates  of  subsidence  are  currently  experiencing 
relative  sea-level  rise  rates  up  to  10  times  the  current  global 
mean  sea-level  rise.  U.S.  Geological  Survey  scientists  and 
their  collaborators  have  sought  to  evaluate  the  potential 
for  the  submergence  and  subsequent  loss  of  a  range  of  sa¬ 
line  and  brackish  marsh  types  relative  to  the  local  rate  of 
sea-level  rise. 

Along  the  coast  of  the  United  States,  marsh  submer¬ 
gence  can  only  be  prevented  if  sediment  accumulation  and 
biogenic  processes  result  in  a  vertical  buildup  of  the  marsh 
surface  that  keeps  pace  or  exceeds  the  rate  of  relative  sea- 
level  rise.  Surface  elevation  lagged  behind  sediment  depo¬ 
sition  at  7  of  the  12  coastal  wetlands  monitored  by  USGS 
scientists.  Four  of  the  sites  which  exhibited  significant  loss 
of  elevation  relative  to  sea  level  had  high  rates  of  sediment 
accumulation,  suggesting  that  subsurface  processes  in  the 
top  few  meters  of  the  soil  as  well  as  biogenic  and  external 
physical  forces  (storms)  affected  surface  elevation.  It  is 
quite  likely  that  estimates  of  marsh  loss  based  only  on  tide 
gauge  records  and  rates  of  sediment  accumulation  under¬ 
estimate  actual  rates  of  subsidence.  Predicting  the  poten¬ 
tial  for  coastal  marsh  submergence  caused  by  sea-level 
rise  requires  site-specific  information  and  an  improved 
understanding  of  the  interactions  among  marsh  vegeta¬ 
tion,  soil,  and  hydrologic  processes.  These  initial  findings 
cannot  be  extrapolated  to  all  southeastern  coastal  wetlands. 
Information  on  local  environmental  factors,  including 
coastal  geomorphology,  sediment  supply,  and  frequency 
of  major  storms  as  well  as  trends  in  mean  sea-level  rise  are 
needed  to  identify  specific  coastal  wetlands  at  risk  of  sub¬ 
mergence  caused  by  global  climate  change. 

Duke  University  and  USGS  scientists  also  found  that  as 
sea  level  rises  and  lower  elevation  sites  are  submersed  and 
lost,  marsh  build-up  and  expansion  can  occur  on  the  upslope 


landward  marsh  boundary,  creating  new  wetland  habitat 
and  replacing  lost  marsh.  The  slope  of  the  coastal  plain  as 
well  as  the  rate  of  sea-level  rise  and  sedimentation  are  key 
factors  controlling  the  upslope  movement  of  coastal  wet¬ 
lands.  Horizontal  migration  can  be  impeded,  however,  if 
the  slope  of  the  surface  is  too  steep  or  if  barriers  to  new 
marsh  formation  exist  upslope  (e.g.,  sea  walls,  roads,  or 
buildings). 

Duke  University  and  USGS  scientists  modeled  the  move¬ 
ment  of  the  marsh  edge  in  North  Carolina’s  Pamlico  Sound. 
Their  results  imply  that  the  movement  of  the  marsh  edge 
occurs  in  a  series  of  dynamic  events  rather  than  in  a  gradual 
constant  manner.  These  “transgression”  events  are  sepa¬ 
rated  by  longer  periods  of  relatively  little  marsh  edge  move¬ 
ment.  Upland  movement  of  the  marsh  is  associated  with 
disturbance  of  the  upland  vegetation  associated  with  ma¬ 
jor  tropical  storms  or  fire.  The  general  model  implies  that 
upslope  marsh  movement  is  driven  not  only  by  sea-level 
rise  but  also  by  local  environmental  conditions.  Marsh  man¬ 
agers  should  not  rely  on  short  term  estimates  of  upslope 
marsh  movement  as  a  tool  which  would  predict  coastal 
marshes  at  risk  for  submergence.  To  avoid  a  net  loss  of 
marsh  habitat,  they  should  employ  management  techniques, 
including  the  removal  of  upslope  barriers,  which  would 
enhance  marsh  development  upslope  and  minimize  the 
potential  for  marsh  submergence  and  net  habitat  loss. 

Net  Loss  of  Coastal  Habitat 

At  St.  Marks  National  Wildlife  Refuge  in  northwest 
Honda,  elevation  and  water  depth  are  key  factors  control¬ 
ling  habitat  type.  The  ability  to  predict  landward  trans¬ 
gression  of  coastal  marsh  caused  by  sea-level  rise  depends 
on  knowledge  of  the  current  vegetation  distribution  and 
relation  to  topographic  gradients.  Field  data  were  collected 
to  establish  correlations  between  vegetation  distribution 
and  surface  elevation.  These  data  were  combined  with  the 
development  of  landscape  models  and  new  satellite  tech¬ 
nology  to  provide  important  tools  for  research  and  policy 
purposes  that  allow  for  effective  land  and  water  manage¬ 
ment,  risk  assessment,  and  cumulative  impact  analysis. 

New  satellite  remote  sensing  techniques  were  developed 
to  produce  a  fine  scale  resolution  topographic  map  of  the 
low  lying  coastal  marsh.  Color  infrared  photography,  satel¬ 
lite  imagery,  and  satellite  radar  images  were  combined  to 
create  additional  maps  of  the  marsh  and  upland  vegetation 
of  the  refuge.  A  digital  elevation  model  of  St.  Marks  NWR 
was  constructed  to  track  the  process  and  pattern  of  coastal 
inundation  for  given  sea-level  rise  projections.  Sea-level 
rise  projections  adopted  from  the  IPCC  (1995)  indicate  that 
major  portions  of  the  St.  Marks  coastal  zone  will  be  perma¬ 
nently  flooded,  bringing  about  a  migration  of  vegetation 
community  types  and  loss  in  total  area  and  proportion  of 
some  habitats.  Model  results  suggest  that  there  is  a  large 
land  base  that  will  be  quickly  converted  from  coastal  salt 
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and  freshwater  marsh  to  open  water,  which  will  approach 
the  scale  of  marsh  loss  that  has  been  experienced  in  south 
Louisiana.  There  will  be  some  shift  of  emergent  marsh  into 
forested  zones.  Site  geomorphology  and  the  slope  of  the 
land  will  present  an  effective  barrier  to  the  establishment 
and  growth  of  specific  plant  communities  because  of  lack 
of  suitable  habitat  conditions.  The  landform  in  this  area  in¬ 
creases  sharply  in  slope  from  the  sea  inland,  effectively 
squeezing  area  available  for  forest  and  marsh. 

Coastal  Forested  Wetlands 

Forested  wetlands  at  low  elevations  are  among  the 
coastal  communities  that  are  considered  most  vulnerable 
to  losses  due  to  potential  changes  in  sea  level.  Many  of 
these  forests  are  already  threatened  by  alterations  in  hy¬ 
drology  and  saltwater  intrusion.  USGS  scientists  and  their 
collaborators  from  Clemson  University  and  the  Univer¬ 
sity  of  Georgia  examined  the  effects  of  potential  increases 
in  flood  durations  and  salinity  levels  through  a  series  of 
growth  and  physiological  experiments  with  10  major  wet¬ 
land  tree  and  shrub  species. 

Measures  of  plant  physiological  activity  using  experi¬ 
mentally  simulated  environmental  conditions  predicted  to 
occur  under  different  climate  change  scenarios  were  good 
predictors  of  whole  plant  growth  responses  that  may  not 
be  evident  for  years  or  decades.  Baldcy press  (Tcucodium 
distichum)  was  relatively  tolerant  to  permanent  flooding 
but  relatively  intolerant  to  exposure  to  saline  waters.  Oaks, 
which  usually  occur  on  ridges  no  more  than  30-60  cm  above 
the  surrounding  swamps,  were  vulnerable  to  a  combina¬ 
tion  of  flooding  and  salinity  stress  in  experimental  studies. 
Chinese  tallow  {Sapium  sebiferum),  a  highly  invasive  ex¬ 
otic  tree  species,  was  tolerant  to  the  combined  salinity  and 
flooding  stresses  associated  with  simulated  storm  surges. 
Flooding  was  more  important  than  small  increases  in  salin¬ 
ity  in  the  growth  and  survival  of  most  tree  species  tested, 
whereas  large  increases  in  salinity  were  harmful  to  all  of 
the  species  tested  regardless  of  flooding  regime.  It  is  evi¬ 
dent  that  large-scale  shifts  and/or  losses  in  wetland  forest 
communities  are  likely  to  occur  over  the  next  50  years  if 
current  trends  in  sea-level  rise  continue.  Genetic  studies 
conducted  with  baldcypress,  however,  also  suggested  that 
new  varieties  can  be  developed  that  might  be  planted  in 
restoration  projects  and  partially  mitigate  the  effects  of 
salinity  intrusion.  Significant  variation  in  salt  tolerance  ex¬ 
isted  among  baldcypress  populations.  Greenhouse  and 
field  experiments  demonstrated  that  this  tolerance  has  a 
genetic  component  and  is  heritable.  These  findings  imply 
that  restoration  of  baldcypress  forests  may  be  possible  in 
degraded  sites  where  existing  populations  have  been  killed 
by  low-level  saltwater  intrusion. 

At  Big  Thicket  National  Preserve  in  southeast  Texas, 
scientists  from  Rice  University  established  a  long-term 
monitoring  effort  to  detect  coastal  forest  response  to 


climate  change.  Permanent  plots  were  established  to  quan¬ 
titatively  document  the  dynamics  of  forest  structure  and 
the  responses  to  changes  in  storm  intensity,  flooding,  and 
fire  frequency.  Long-term  monitoring  data  suggest  that  in¬ 
creases  in  drought  associated  with  changing  climatic  re¬ 
gimes  may  significantly  alter  understory  seedling  popula¬ 
tions  in  bottomland  forests,  recruitment  into  the  sapling 
layers,  and  ultimately  influence  overstory  canopy  struc¬ 
ture.  Hooding,  hurricanes,  and  even  low-intensity  storms 
which  result  in  openings  in  the  forest  canopy  will  influ¬ 
ence  the  responses  of  these  forests  to  climatic  shifts  by 
accelerating  natural  successional  processes.  Increased  dis¬ 
ruptions  to  the  forest  canopy  will  also  provide  recruitment 
opportunities  for  exotic  species  enhancing  their  rate  of  in¬ 
vasion  into  natural  stands. 

A  series  of  related  studies  was  initiated  to  determine 
potential  changes  in  the  growth  and  geographic  distribu¬ 
tion  of  forest  tree  species.  Tree  ring  analyses  from  sites 
across  the  wet-dry  transition  zone  from  western  Louisiana 
to  central  Texas  suggest  that  many  forest  tree  species  do 
not  alter  their  growth  rates  near  the  edges  of  their  range. 
These  results  combined  with  forest  tree  dynamics  from 
the  permanent  plots  imply  that  seedling  establishment  and 
survival  may  be  more  important  in  limiting  the  geographic 
ranges  of  tree  species  than  the  growth  and  survival  of 
adults. 

Exotic  species  can  be  expected  to  increase  in  importance 
throughout  forest  stands  in  the  coastal  plain  with  increased 
levels  of  disturbance  and  canopy  gap  formation.  The  costs 
to  control  exotic  species  will  continue  to  rise  in  national 
parks  and  other  managed  natural  areas.  Other  shifts  in  spe¬ 
cies  composition  are  also  expected  to  occur.  Increased 
disturbance  from  changes  in  the  frequency  and  intensity 
of  tropical  storms  may  favor  early  successional,  shade- 
intolerant  species  at  the  expense  of  shade-tolerant  ones. 
Land  managers  will  be  faced  with  intensive  efforts  to  main¬ 
tain  the  natural  character  of  their  preserves. 

Mangrove  ecosystems  predominate  the  coastal  areas  in 
the  lower  Horida  peninsula  where  hurricanes  commonly 
occur.  Landscape  simulation  models  developed  by  USGS 
scientists  confirmed  that  hurricane  disturbance  has  also 
contributed  to  the  structural  composition  of  modem  man¬ 
grove  forests  across  south  Horida  and  Everglades  National 
Park.  Modeling  future  climate  change  scenarios  with  the 
results  of  this  research  suggests  that  increased  damage 
associated  with  stronger  storms  will  likely  result  in  future 
mangrove  forests  of  smaller  stature  than  present  day  stands 
and  that  shifts  in  species  dominance  to  stands  composed 
of  red  mangroves  {Rhizophora  mangle)  are  likely  to  occur. 

Assessment 

The  research  findings  summarized  in  this  document  re¬ 
veal  both  the  scale  and  scope  of  potential  global  change 
impacts  on  plant  communities  of  low-lying  coastal 
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margins.  While  there  remain  many  uncertainties  regarding 
the  regional  and  local  responses  to  changes  in  climate, 
current  studies  of  plant  communities  and  landforms  of  the 
coastal  zone  of  the  southeastern  United  States  provide 
strong  evidence  of  the  potential  effects  of  relative  sea- 
level  rise  and  changes  in  tropical  storm  activity.  Predictive 
models  and  new  developments  in  remote  sensing  technol¬ 
ogy  can  be  used  to  project  the  impacts  and  interactions  of 
global  change  variables  on  land  cover  and  geomorphol¬ 
ogy  of  the  coastal  zone.  We  cannot  as  yet  verify  the 


ultimate  and  cumulative  effects  on  species,  populations, 
and  communities.  In  the  southeastern  coastal  plain,  how¬ 
ever,  we  have  documented  trends  in  the  changing  dynam¬ 
ics  of  plant  communities,  loss  of  coastal  wetlands,  and 
erosion  of  barrier  islands  that  can  be  related  to  more  than 
50  years  of  environmental  change,  regardless  of  causative 
factors.  Future  research  should  provide  a  more  thorough 
understanding  of  wetland  response  to  long-term  environ¬ 
mental  change. 
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Chapter  2: 

Global  Climate  Change 
and  Communities  of  Submersed  Vegetation: 
Research  Summary  of  Selected  Environmental  Impacts 


by 

William  M.  Rizzo® 
and 

Hilary  A.  Neckles’’ 

U.S.  Geological  Survey 
National  Wetlands  Research  Center 
700  Cajundome  Blvd. 
Lafayette,  Louisiana  70506 


Abstract:  Communities  of  submersed  aquatic  vegetation  (SAV)  are  important  components  of  many  freshwater, 
brackish,  and  marine  aquatic  ecosystems.  They  provide  erosion  protection  by  baffling  the  impacts  of  waves, 
remove  nutrients  and  other  pollutants  from  river  and  runoff  inputs  to  coastal  areas,  and  provide  nursery  habitat 
for  fish,  shrimp,  and  other  species,  as  well  as  forage  for  wintering  waterfowl  and  endangered  species  such  as  sea 
turtles  and  manatees.  Submersed  aquatic  plant  communities,  though,  are  susceptible  to  long-term  environmental 
changes  that  are  predicted  to  accompany  global  climate  change.  Our  research  was  aimed  at  determining  the 
responses  of  SAV  to  increased  dissolved  inorganic  carbon,  higher  sea  levels,  and  increased  frequency  and 
intensity  of  tropical  storms.  We  found  that  photosynthesis  of  macrophytes  changed  little  or  not  at  all  in  response 
to  bicarbonate  additions,  but  photosynthesis  did  increase  in  response  to  additions  of  dissolved  carbon  dioxide  for 
most  species  tested.  The  photosynthesis  of  benthic  microalgae  and  of  phytoplankton  at  saline  sites  was  not 
affected  by  additions  of  either  dissolved  carbon  dioxide  or  bicarbonate,  but  at  freshwater  sites,  the  addition  of 
carbon  dioxide  did  enhance  phytoplankton  photosynthesis.  Increased  dissolved  inorganic  carbon  may  also  alter 
species  allocation  of  biomass  by  increasing  the  proportion  of  belowground  biomass  relative  to  aboveground 
biomass.  Experiments  on  the  effects  of  sea-level  rise  indicate  that  at  freshwater  to  oligohaline  sites,  species  that 
are  strong  competitors  will  likely  dominate,  while  salt-tolerant  species  will  dominate  areas  with  higher  salinity. 
Our  research  on  the  effects  of  storm  disturbance  on  SAV  suggests  that  increased  storm  activity  may  favor 
seagrasses  that  dominate  in  sandy,  nitrogen-poor  sediments  because  of  the  increased  likelihood  of  storm 
overwashes.  _ 


“Current  address:  U.S.  Geological  Survey,  Columbia  Environmental  Research  Center,  4200  New  Haven  Road,  Columbia,  MO  65201 
‘’Current  address;  U.S.  Geological  Survey,  Patuxent  Wildlife  Research  Center,  26  Ganneston  Dr.,  Augusta,  ME  04330 
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Introduction 

Communities  of  submersed  aquatic  vegetation  (SAV) 
occur  in  all  types  of  aquatic  ecosystems  within  the  north¬ 
ern  Gulf  of  Mexico  coastal  zone.  One  of  the  most  widely 
recognized  values  of  SAV  is  as  fish  and  wildlife  habitat 
(Stevenson  and  Confer  1978;  Zieman  1982;  Zieman  and 
Zieman  1989).  Submersed  aquatic  vegetation  serves  as  a 
critical  food  resource  for  waterfowl  and  as  important  feed¬ 
ing  and  nursery  grounds  for  many  commercially  and 
recreationally  important  finfish  and  shellfish.  In  fact, 
changes  in  distribution  of  waterfowl  populations  (Kemp 
et  al.  1984;  Wicker  and  Endres  1995)  and  commercial  land¬ 
ings  of  blue  crabs  (Orth  and  van  Montfrans  1990)  have 
been  correlated  with  abundance  of  SAV  Submersed  aquatic 
vegetation  also  provide  critical  habitat  for  threatened  and 
endangered  species  such  as  sea  turtles  and  manatees.  The 
importance  of  SAV  to  aquatic  ecosystems  extends  to  physi¬ 
cal  and  chemical  functions  as  well.  The  leaves  of  sub¬ 
mersed  plants  reduce  waves  and  currents  (Fonseca  et  al. 
1982;  Fonseca  1989)  and  root  and  rhizome  systems  bind 
sediments,  both  of  which  enhance  shoreline  stabilization. 
Finally,  nutrient  uptake  and  particulate  sedimentation 
within  SAV  beds  effectively  ameliorate  water  quality  (Ward 
et  al.  1984;  Short  and  Short  1984).  Changes  in  SAV  thus 
have  profound  implications  for  fish  and  wildlife,  shore¬ 
line  geomorphology,  and  biogeochemical  cycles  of  aquatic 
ecosystems. 

Primary  production  within  beds  of  SAV  is  derived  from 
many  sources  (Fig.  2-1).  Phytoplankton,  benthic 


microalgae,  and  epiphytes,  in  addition  to  macrophytic  veg¬ 
etation,  contribute  to  the  production  of  organic  matter.  Any 
of  the  latter  three  groups  may  dominate  primary  produc¬ 
tion  within  the  SAV  community  depending  on  location,  type 
of  SAV,  and  time  of  year  (Morgan  and  Kitting  1984;  Jensen 
and  Gibson  1986;  Mazella  and  Alberte  1986;  Murray  and 
Wetzel  1987;  Moncreiff  et  al.  1992).  The  magnitude  of 
production  and  the  diversity  of  primary  producer  groups 
within  SAV  communities  is  a  principal  reason  for  their  high 
biological  diversity  and  value  as  feeding  and  nursery  areas. 

Submersed  plant  communities  are  distributed  through¬ 
out  the  coastal  zone  of  the  northern  Gulf  of  Mexico.  Spe¬ 
cies  of  SAV  restricted  to  fresh  and  brackish  waters  occur 
in  the  shallow  areas  of  estuaries  and  river  deltas  along  the 
gulf  coast  (Handley  1995);  their  greatest  coverage  occurs 
in  large,  shallow  bays  and  in  the  shallow  flats  that  form  at 
river  mouths.  Marginal  bands  of  SAV  often  line  the  shores 
of  small  tributaries  and  creeks,  and  small  patches  can  be 
found  in  quiet  zones  along  the  edges  of  large  rivers  (Stout 
1990).  The  composition  of  freshwater  and  brackish  SAV 
communities  is  diverse;  24  species  were  identified  in  sur¬ 
veys  of  habitats  in  Mobile  Bay,  Alabama  (Stout  1990). 
Many  beds  exist  as  mixed  communities,  although 
monodominant  stands,  particularly  of  invasive,  nonnative 
species,  are  also  common.  Eurasian  milfoil  (Myriophyllum 
spicatum)  and  hydrilla  {Hydrilla  verticillata)  are  nonna¬ 
tive  species  found  in  this  region.  These  species  are  often 
considered  nuisance  aquatic  plants  because  of  the  dense, 
nearly  impenetrable  mats  of  vegetation  they  form. 


Figure  2-1 .  Important  components  of  a  typical  submersed  aquatic  vegetation  ecosystem,  including 
marine  animals,  macrophytes,  epiphytes,  and  phytoplankton. 
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Seagrasses,  or  marine  SAV  species,  form  the  most  ex¬ 
tensive  SAY  systems  along  the  northern  gulf  coast.  Five 
seagrass  species  grow  in  this  region:  turtlegrass  (Thalassia 
testudinum),  manatee  grass  {Syringodium  filiforme), 
shoalgrass  (Halodule  wrightii),  star  grass  {Halophila 
engelmannii),  and  paddle  grass  {Halophila  decipiens). 
Widgeongrass  {Ruppia  maritima),  a  submersed  plant  with 
a  broad  salinity  distribution,  occurs  with  seagrasses  in  the 
lower  salinity  areas  of  the  marine  environment.  Seagrass 
beds  are  often  quite  heterogeneous,  with  individual  spe¬ 
cies  exhibiting  patchy  distributions  within  expansive,  con¬ 
tinuous  seagrass  beds.  As  such  it  is  difficult  to  assign  over¬ 
all  dominance  in  the  gulf  to  a  particular  species  (Kenworthy 

1994) .  The  most  recent  estimate  of  total  seagrass  cover¬ 
age  in  the  shallow,  nearshore  waters  of  the  Gulf  of  Mexico 
coastal  states  is  1.02  million  ha  (Duke  and  Kruczynski 
1992).  The  largest  seagrass  beds  in  this  region  occur  in 
Florida  Bay  (550,000  ha;  Zieman  and  Zieman  1989),  the 
Big  Bend  area  of  Florida  between  St.  Marks  and  Tarpon 
Springs  (300,000  ha;  Iverson  and  Bittaker  1986)  and  the 
Laguna  Madre  of  Texas  (73,000  ha;  Onuf  1995).  Most  of 
the  remaining  seagrass  beds  are  within  estuarine  areas  of 
Florida  and  Texas  (Handley  1995).  Isolated  patches  and 
narrow  bands  occur  in  sounds  protected  by  the  barrier  is¬ 
lands  of  Louisiana,  Mississippi,  and  Alabama.  The  largest 
continuous  seagrass  bed  in  this  region  is  found  in 
Chandeleur  Sound  of  coastal  Louisiana  (5,657  ha;  Handley 

1995) . 

Effects  of  Global  Climate  Change 

The  distribution  and  abundance  of  SAV  habitats  in  the 
northern  Gulf  of  Mexico  have  declined  precipitously  dur¬ 
ing  the  past  50  years,  most  notably  from  widespread  dete¬ 
rioration  of  water  quality  (Heckles  1994).  The  productiv¬ 
ity,  distribution,  and  composition  of  submersed  plant  com¬ 
munities  are  also  susceptible  to  stresses  associated  with  a 
changing  global  climate  (Rizzo  and  Heckles  1993).  Increases 
in  concentration  of  dissolved  inorganic  carbon 
(including  both  caibon  dioxide  [CO^]  and  bicarbonate  [HCO3  ] ) 
may  affect  SAV  directly  and  may  have  indirect  effects 
through  influences  on  attached  and  unattached  algae  in  SAV 
systems.  A  rise  in  sea  level  will  increase  the  depth  of  water 
at  any  given  position  and  will  cause  inland  and  upstream 
intrusion  of  salt  water,  both  of  which  will  affect  existing 
SAV.  The  direct  effect  of  temperature  on  plant  physiologi¬ 
cal  processes  may  ultimately  influence  SAV  community 
composition  and  the  latitudinal  distribution  of  species.  In 
addition,  if  changes  in  global  climate  result  in  a  warmer 
tropical  ocean,  the  frequency  and  intensity  of  tropical  storms 
likely  will  increase  (Emanuel  1987),  which  would  further 
increase  the  inland  extent  of  saltwater  penetration.  Any 
increase  in  the  frequency  or  intensity  of  physical 
disturbance  from  storms  may  also  have  direct  effects  on 
SAV  habitats.  The  environmental  effects  of  a  changing 


global  climate  may  exacerbate  existing  human-caused 
stresses  on  SAV  and  accelerate  habitat  alteration  or  loss. 
There  is,  however,  little  information  from  which  to  predict 
the  direction  and  magnitude  of  potential  changes  in  SAV 
associated  with  global  change.  Therefore,  minimizing  and 
adapting  to  the  effects  of  a  changing  global  environment 
require  foremost  a  better  understanding  of  potential  SAV 
responses  to  these  environmental  variables. 

The  research  results  summarized  here  address  the  pos¬ 
sible  effects  of  elevated  dissolved  inorganic  carbon,  sea- 
level  rise  and  salinity  increases,  and  increased  storm  dis¬ 
turbance  on  various  aspects  of  the  ecology  of  SAV  ecosys¬ 
tems.  Each  section  includes  a  brief  background  statement 
followed  by  a  research  summary.  Research  on  the  effects 
of  elevated  dissolved  inorganic  carbon  examined  the  growth 
response  of  two  macrophyte  species  and  the  photosynthetic 
responses  of  the  phytoplanktonic,  benthic  microalgal,  and 
macrophytic  components  of  these  habitats.  Studies  on  sea- 
level  rise  and  salinity  increase  focused  on  the  effects  of 
these  variables  on  macrophyte  survival,  competition,  and 
community  structure.  The  effects  of  disturbance  on  the 
community  structure  of  seagrass  communities  was  under¬ 
taken  to  evaluate  the  possible  long-term  effects  of  increased 
storm  activity. 

Effects  of  Increased  Carbon  Dioxide 
Concentration 

There  is  overwhelming  evidence  that  high  concentra¬ 
tions  of  atmospheric  carbon  dioxide  will  directly  impact 
global  vegetation.  Most  studies  to  date  have  focused  on 
terrestrial  or  emergent  plants,  where  common  responses  to 
elevated  levels  of  carbon  dioxide  include  increased  photo¬ 
synthesis  and  biomass,  enhanced  root  growth  relative  to 
shoot  growth,  and  elevated  tissue  carbon-to-nitrogen  ra¬ 
tios  (e.g..  Cure  and  Acock  1986;  Mooney  et  al.  1991; 
Dahlman  1993).  Although  an  increase  in  concentration  of 
atmospheric  carbon  dioxide  causes  a  linearly  proportional 
increase  in  that  of  dissolved  carbon  in  aquatic  environments 
(Wetzel  and  Grace  1983),  comparatively  little  information 
exists  on  responses  of  submersed  plant  communities  to 
carbon  dioxide  enrichment  and  the  potential  ecosystem  con¬ 
sequences. 

The  size  of  the  total  pool  of  dissolved  inorganic  carbon 
is  a  result  of  complex  interactions  between  biota,  atmo¬ 
spheric  carbon  dioxide  partial  pressure,  temperature,  pH, 
alkalinity,  and  salinity.  The  dissolved  inorganic  carbon  pool 
is  partitioned  into  carbon  dioxide,  bicarbonate,  and  car¬ 
bonate  (CO^^';  Fig.  2-2).  The  distribution  of  dissolved  in¬ 
organic  carbon  among  these  three  fractions  depends 
strongly  on  pH,  which  is  expected  to  decrease  slightly  as  a 
result  of  carbonic  acid  formation  from  increased  dissolu¬ 
tion  of  carbon  dioxide  (Wetzel  and  Grace  1983).  The 
variability  in  dissolved  inorganic  carbon  concentrations 
and  the  distribution  among  the  major  constituents  is  much 
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Figure  2-2.  Relationships  between  dissolved  inorganic  carbon 
constituents  (carbon  dioxide  bicarbonate),  pH,  and  alkalinity  (soft 
water  to  hard  water)  in  aquatic  ecosystems  (after  Wetzel  1975). 


greater  in  fresh  water  than  marine  systems  because  of  the 
constant  ionic  composition  and  buffering  capacity  of  seawater. 
The  limited  research  available  typically  has  found  an 
increase  in  SAV  photosynthesis  with  carbon  dioxide  en¬ 
richment  (e.g.,  Beer  and  Wetzel  1981;  Titus  and  Stone  1982; 
Nielsen  and  Sand-Jensen  1989;  Rattray  et  al.  1991;  Durako 
1993;  Madsen  et  al.  1993).  Submersed  plant  species  ex¬ 
hibit  a  wide  range  of  responses,  however.  All  SAV  take  up 
carbon  dioxide  preferentially  during  photosynthesis,  but 
most  can  also  use  bicarbonate  to  some  degree.  In  general, 
species  that  are  inefficient  bicarbonate  users  show  the  great¬ 
est  photosynthetic  response  to  carbon  dioxide  increases 
(Madsen  et  al.  1993).  Thus,  although  total  dissolved  inor¬ 
ganic  carbon  can  limit  SAV  photosynthesis  and  growth,  an 
unfavorable  partitioning  of  dissolved  inorganic  carbon 
among  constituents  can  also  limit  some  species  (Vadstrup 
and  Madsen  1995).  Increased  concentrations  of  carbon  di¬ 
oxide  may  not  only  increase  primary  production  of  organic 
matter  but  also,  by  altering  the  outcome  of  competition, 
lead  to  shifts  in  species  composition. 

Epiphytic  algae  can  limit  the  supply  of  dissolved  inor¬ 
ganic  carbon  to  SAV  leaf  surfaces  by  increasing  the  thick¬ 
ness  of  the  layer  through  which  carbon  must  diffuse  (Sand- 
Jensen  et  al.  1985)  and  by  actual  carbon  uptake.  These 
algae  are  also  susceptible  to  carbon  limitation  of  photo¬ 
synthesis  and  would  be  expected  to  respond  positively  to 
increased  availability  of  carbon  dioxide.  One  potential  con¬ 
sequence  is  enhanced  algal  growth  and  a  shift  in  the  bal¬ 
ance  between  epiphytes  and  macrophytes, 

Wetzel  and  Grace  (1983)  sununarized  the  literature  on 
the  response  of  autotrophs  to  carbon  dioxide  enrichment 
by  making  generalized  predictions  on  the  magnitude  of  the 
response.  They  predicted  a  doubling  of  photosynthesis  for 
both  marine  and  freshwater  macrophytes  (single  plant  re¬ 
sponses)  with  a  doubling  of  carbon  dioxide  concentration, 
for  optimal  conditions  of  light  and  water  mixing.  They  pre¬ 
dicted  no  increase  for  marine  phytoplankton  and  a  response 
for  freshwater  phytoplankton  ranging  from  no  response  to 
an  increase  of  about  1,5  times  ambient.  While  there  was  a 
limited  data  base  on  SAV  responses,  there  were  even  fewer 


studies  on  phytoplankton  and  no  studies  on  the  benthic 
microalgal  components  of  SAV  habitats. 

Macrophyte  Photosynthetic  Responses  to 
Elevated  Dissolved  Inorganic  Carbon 

Initial  quarterly  studies  of  the  photosynthetic  response 
of  macrophytes  to  elevated  carbon  dioxide  and  bicarbon¬ 
ate  were  carried  out  for  Vallisneria  americana,  Halodule 
wrightiU  Ceratophyllumdemersum,  and  Ruppia  maritima. 
Additional,  more  intensive  sampling  was  conducted  for 
Ceratophyllum  demersum,  Hydrilla  verticillata,  and 
Vallisneria  americana.  Species  collected  from  saline  sites 
included  Halodule,  a  true  seagrass  from  Galveston  Bay,  and 
Ruppia,  from  a  brackish  environment  at  Rockefeller  Na¬ 
tional  Wildlife  Refuge  (NWR),  Louisiana.  The  other  spe¬ 
cies  were  collected  from  freshwater  environments  (a  pond 
at  the  National  Wetlands  Research  Center,  Lafayette,  Loui¬ 
siana,  and  Vermilion  Lake  and  Spreafico  Lake,  Louisiana), 
a  wetland  in  Cameron  Parish,  Louisiana  (Vallisneria),  and 
Lake  Martin,  Louisiana  (Ceratophyllum  and  Hydrilla). 

Only  Ceratophyllum  showed  significant  responses  to  ad¬ 
dition  of  bicarbonate:  enhancement  in  one  experiment  and 
inhibition  in  another.  The  instance  of  enhancement  prob¬ 
ably  resulted  from  an  increase  in  inorganic  carbon  sub¬ 
strate  at  a  time  when  this  species  may  have  been  using  bi¬ 
carbonate  as  a  primary  carbon  source.  Conversely,  the  in¬ 
hibition  probably  resulted  from  a  decrease  in  free  carbon 
dioxide,  the  preferred  carbon  source  for  plants,  as  a  result 
of  an  increase  in  pH  from  the  bicarbonate  addition.  The 
generalized  lack  of  response  to  bicarbonate  additions  sug¬ 
gests  either  that  plants  are  exclusively  using  free  carbon 
dioxide  as  a  primary  carbon  source  or  that  ambient  con¬ 
centrations  of  bicarbonate  are  already  sufficient  to  maxi¬ 
mize  photosynthesis  in  plants  using  this  less  desirable  car¬ 
bon  source. 

Typical  curves  of  the  response  of  macrophyte  photo¬ 
synthesis  as  a  function  of  increasing  concentration  of  dis¬ 
solved  inorganic  carbon  (as  added  carbon  dioxide)  are 
shown  in  Fig.  2-3.  In  a  number  of  cases,  photosynthesis 
was  still  increasing  even  at  the  maximum  added  concen¬ 
tration  of  2-4  times  ambient.  Vallisneria  photosynthesis  in¬ 
creased  with  carbon  dioxide  additions  in  all  nine  experi¬ 
ments,  while  Ruppia  photosynthesis  increased  in  0  of  3 
experiments.  Halodule  responded  in  2  of  4  experiments, 
Ceratophyllum  in  20  of  26  experiments,  and  Hydrilla  in  7 
of  14  experiments.  The  results  for  Halodule  are  particu¬ 
larly  significant  because  seagrass  photosynthesis  is  often 
thought  to  be  not  limited  by  dissolved  inorganic  carbon 
because  of  the  abundance  of  bicarbonate  in  marine  envi¬ 
ronments.  Hydrilla  and  Halodule  responded  to  carbon  di¬ 
oxide  additions  principally  during  the  most  active  phase  of 
growth  in  spring  and  early  summer.  With  the  exception  of 
January  1995,  Ceratophyllum  responded  consistently  to 
carbon  dioxide  addition  until  the  summer  of  1995. 
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Figure  2-3.  Growing  season  photosynthetic  responses  of  four  macrophyte  species  to  increasing  concentrations  of  dissolved  inorganic 
carbon,  added  as  carbon  dioxide.  The  lowest  concentration  represents  ambient  concentrations  at  the  collection  site. 
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In  fall  of  1992,  Hydrilla  was  discovered  in  Lake  Martin. 
It  covered  about  50%  of  the  lake  surface  by  the  end  of 
summer  1994  and  reached  virtually  complete  surface  cov¬ 
erage  by  the  end  of  July  1995  (Fig.  2-4).  Weekly  monitor¬ 
ing  samples  at  our  littoral  collection  site  showed  a  signifi¬ 
cant  decrease  in  pH  and  increase  in  free  carbon  dioxide 
from  1994  to  1995.  These  conditions  may  have  alleviated 
carbon  dioxide  limitation  in  this  species  during  most  of  the 
latter  half  of  1996.  The  lack  of  response  by  Ruppia  prob¬ 
ably  also  resulted  from  the  high  concentrations  of  dissolved 
inorganic  carbon  and  free  carbon  dioxide. 

There  was  a  more  than  threefold  difference  among  spe¬ 
cies  in  the  mean  response  to  carbon  dioxide  addition  in 
our  experiments  (Fig.  2-5).  Photosynthesis  by 
Ceratophyllum  and  Hydrilla  doubled  with  addition  of 
carbon  dioxide,  while  Vallisneria  and  Halodule  photosyn¬ 
thesis  increased  nearly  threefold.  The  maximum  response 
of  Ceratophyllum,  Vallisneria,  and  Halodule  exceeded 


Figure  2-4.  Lake  Martin,  Louisiana,  showing  complete  surface 
coverage  by  Hydrilla  verticillata  in  late  summer  1995.  Boating 
became  impossible  on  the  lake,  and  fish  kills  ensued.  Invasions 
by  such  exotic  species  may  be  abetted  in  an  environment  enriched 
in  dissolved  carbon  dioxide. 


Ceratophyllum  Halodule  Hydrilla 

Valllsrierfa  Ruppia 


Figure  2-5.  Photosynthetic  enhancement  as  measured  by  the 
ratio  of  ambient  photosynthesis  and  photosynthetic  rates 
enhanced  by  carbon  dioxide  enrichment  for  five  species  of 
submersed  aquatic  vegetation. 


sixfold,  while  the  maximum  for  Hydrilla  was  only  threefold, 
underscoring  the  important  differences  among  species. 

Regression  analyses  indicated  that  factors  such  as  tem¬ 
perature  and  the  ambient  rate  of  photosynthesis,  an  indica¬ 
tor  of  plant  condition,  were  also  important  in  controlling 
the  responses  of  SAV  to  increased  carbon  dioxide  concen¬ 
trations.  Consequently,  both  environmental  and  life  history 
factors  are  important  in  determining  when  and  how  strongly 
a  species  will  respond  to  an  increase  in  carbon  dioxide.  The 
importance  of  temperature  in  controlling  this  response  is 
particularly  important  since  global  temperatures  are  ex¬ 
pected  to  increase  along  with  concentrations  of  carbon 
dioxide. 

Benthic  Microalgal  and  Phytoplankton  Photo¬ 
synthetic  Responses  to  Elevated  Dissolved 
Inorganic  Carbon 

The  benthic  microalgal  and  phytoplankton  studies  also 
began  as  quarterly  studies  at  all  the  macrophyte  study  sites 
(except  Rockefeller  NWR,  where  no  benthic  microalgal 
studies  were  conducted).  Monthly  phytoplankton  sampling 
began  in  late  1993  and  expanded  to  include  lake  sites  that 
had  no  SAV  but  represented  large  differences  in  ambient 
dissolved  inorganic  carbon  concentrations.  Sites  at 
Galveston  Bay,  Rockefeller  NWR,  and  Cameron  Parish  all 
had  high  concentrations  of  dissolved  inorganic  carbon.  Lake 
Martin  and  Vermilion  Lake,  Louisiana,  had  moderate  dis¬ 
solved  inorganic  carbon  concentrations,  the  NWRC  pond 
had  high  concentrations,  and  Spreafico  Lake  had  low  dis¬ 
solved  inorganic  carbon  concentrations. 

Addition  of  either  carbon  dioxide  or  bicarbonate  had 
no  effects  on  the  photosynthesis  of  benthic  microalgae.  At 
two  freshwater  sites,  sediment  regeneration  of  carbon  di¬ 
oxide  greatly  exceeded  autotrophic  demand,  so  it  is  un¬ 
likely  that  carbon  dioxide  would  become  limiting  to  pho¬ 
tosynthesis  in  these  environments.  At  a  marine  site,  demand 
was  much  greater  than  regeneration,  but  concentrations  of 
dissolved  inorganic  carbon,  principally  as  bicarbonate,  were 
high  and  probably  supplied  benthic  microalgal  require¬ 
ments.  Because  of  their  microscopic  size  and  high  surface- 
to-volume  ratio,  benthic  microalgae  make  much  more  effi¬ 
cient  use  of  the  less  preferred  bicarbonate  carbon  source 
than  do  macrophytes. 

The  number  of  experiments  in  which  phytoplankton  pho¬ 
tosynthesis  increased  as  a  result  of  carbon  dioxide  addi¬ 
tion  is  shown  by  site  in  Fig.  2-6.  There  was  no  increase  in 
photosynthesis  from  additions  of  either  carbon  dioxide  or 
bicarbonate  at  either  site  with  measurable  salinity.  Photo¬ 
synthesis  was  enhanced  by  carbon  dioxide  addition  in  most 
experiments  at  each  of  the  freshwater  sites  except  the 
NWRC  pond,  the  site  highest  in  dissolved  inorganic  carbon 
concentration.  Even  at  that  site,  however,  photosynthesis 
increased  on  two  occasions.  In  contrast  to  the  macrophyte 
experiments,  phytoplankton  photosynthesis  was  increased 
by  bicarbonate  additions  on  several  occasions  at  three  of 
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Figure  2-6.  Total  number  of  experiments  per  site  and  number  of 
experiments  in  which  phytoplankton  photosynthesis  increased 
because  of  carbon  dioxide  addition.  The  phytoplankton 
communities  represent  a  salinity  gradient  from  marine  to  freshwater 
and,  for  freshwater  sites,  a  gradient  of  high  to  low  dissolved  carbon 
dioxide. 


the  four  freshwater  sites  where  bicarbonate  additions  were 
carried  out.  Also,  additions  of  both  carbon  dioxide  and  bi¬ 
carbonate  caused  inhibition  of  photosynthesis  in  a  number 
of  experiments.  Inhibition  by  bicarbonate  may  result  from 
the  associated  increase  in  pH,  which  can  actually  reduce 
concentrations  of  free  carbon  dioxide.  Conversely,  com¬ 
munities  using  only  one  dissolved  inorganic  carbon  source 
may  undergo  brief  metabolic  shut  down  (i.e.,  inhibition) 
while  shifting  to  an  enzyme  system  capable  of  using  the 
more  abundant  or  energetically  favorable  dissolved  inor¬ 
ganic  carbon  substrate  when  its  availability  is  suddenly 
increased. 

The  increase  in  photosynthesis  due  to  carbon  dioxide 
addition  is  shown  in  Fig.  2-7.  For  experiments  in  which 
there  was  an  increase  with  carbon  dioxide  addition,  the 
level  of  increase  was  between  1.5  and  2.0  for  three  of  the 
four  freshwater  sites.  This  level  is  slightly  higher  than  that 
predicted  by  Wetzel  and  Grace  (1983). 


Macrophyte  Growth  Responses  to  Elevated 
Carbon  Dioxide 

Studies  of  various  vegetation  types  have  indicated  that 
the  initial  metabolic  impacts  of  increases  in  carbon  dioxide 
diminish  substantially  as  plants  acclimate  to  higher  ambi¬ 
ent  concentrations.  Therefore,  although  our  laboratory  ex¬ 
periments  showed  significant  effects  of  short-term  in¬ 
creases  in  dissolved  inorganic  carbon  concentrations  on 
SAV  photosynthesis,  these  effects  might  not  necessarily 
translate  into  longer-term  effects  on  growth  and  produc¬ 
tion.  To  assess  the  potential  responses  of  a  freshwater  and 
a  marine  species  of  SAV  to  elevated  dissolved  inorganic 
carbon,  we  used  mesocosms,  or  large  experimental  sys¬ 
tems  designed  to  simulate  natural  ecosystems.  Because 
the  photosynthesis  of  all  species  increased  most  consis¬ 
tently  in  response  to  carbon  dioxide  additions  during  our 
laboratory  experiments,  we  focused  on  this  dissolved  inor¬ 
ganic  carbon  constituent  for  our  longer  term  measurements 
(Fig.  2-8). 

Our  experimental  mesocosms  were  planted  with  intact 
sods  of  either  Halodule  wrightii  from  coastal  Texas  or 
Vallisneria  americana  from  coastal  Louisiana.  Conditions 
were  maintained  in  the  tanks  to  mimic  the  natural  environ¬ 
ment  as  closely  as  possible.  The  tanks  were  filled  with  water 
at  the  same  salinity  and  depth  as  at  the  collection  sites.  The 
experimental  treatment  consisted  of  continuous  aeration 
of  the  tanks  with  ambient  or  carbon-dioxide  enriched  air 
for  six  weeks.  Dissolved  inorganic  carbon  concentrations 
in  the  air  and  water  were  monitored  daily. 

Contrary  to  the  results  of  other  studies,  carbon  dioxide 
enrichment  did  not  affect  total  macrophyte  biomass  (Fig. 
2-9a)  or  final  shoot  density  (Fig.  2-9b)  for  either  species. 
However,  consistent  with  a  large  body  of  research  on  other 
systems,  the  final  ratio  of  aboveground  to  belowground 
biomass  decreased  with  carbon  dioxide  enrichment  (Fig. 


Lake  Galveston  Cameron  Rockefeller  Spreafico  Vermilion  NWRC 
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Figure  2-7.  Photosynthetic  enhancement  as  measured  by  the 
ratio  of  ambient  photosynthesis  ^^d  photosynthetic  rates 
enhanced  by  carbon  dioxide  enrichment  for  phytoplankton 
communities  from  the  various  seven  study  sites. 


Figure  2-8.  Mesocosms  set  up  in  a  greenhouse  at  the  National 
Wetlands  Research  Center.  Such  mesocosms  enable  studies  of 
macrophyte  responses  to  discrete  variables  such  as  carbon  dioxide 
concentration  or  salinity. 


BIOLOGICAL  SCIENCE  REPORT  USGS/BRD/BSR-1 998-0002 


Figure  2-9.  Growth  responses  to  elevated  carbon  dioxide  for  two  species  of  submersed  macrophytes.  Responses  are  shown  after  6 
weeks  of  growth  under  either  ambient  or  enriched  concentrations.  A.  Total  macrophyte  biomass.  B.  Macrophyte  density.  C.  Ratio  of 
shoot  to  root+rhizome  biomass.  D.  Potential  for  altered  photosynthetic  capacity  as  determined  by  the  enhancement  of  photosynthesis 
by  carbon  dioxide  addition  (P-CO2)  relative  to  rates  with  no  carbon  dioxide  addition  (P-Baselipe). 


2-9c),  indicating  increased  biomass  allocation  to  root  and 
rhizome  tissue.  Thus  carbon  dioxide  enrichment  does  have 
longer  term  consequences  for  these  species.  The  lack  of 
overall  growth  responses  may  have  been  due  to  the  timing 
of  the  experiment  (plants  were  already  near  peak  biomass 
at  the  onset  of  treatment).  Also,  a  longer  experiment  may 
have  made  a  greater  difference  in  total  biomass.  Alterna¬ 
tively,  plant  growth  may  have  been  subject  to  limiting  ef¬ 
fects  of  factors  other  than  carbon  dioxide,  although  tissue 
nutrient  concentrations  and  carbon-to-nitrogen  ratios  sug¬ 
gest  that  growth  was  not  nitrogen  limited. 

Both  species  did  exhibit  an  increase  in  photosynthetic 
capacity  following  growth  under  elevated  carbon  dioxide 
concentrations  (Fig.  2-9d).  Higher  primary  production  with 
increased  concentrations  of  carbon  dioxide  may  benefit 
consumer  organisms.  Similar  responses  by  nuisance  canopy 
forming  species,  however,  would  cause  recreational  and 
socioeconomic  problems  by  killing  fish  and  hindering  boat¬ 
ing  (Fig.  2-4).  The  relatively  low  biomass  of  epiphytes  on 
Vallisneria  did  not  increase  with  carbon  dioxide  enrich¬ 
ment,  but  the  epiphyte  biomass  on  Halodule  nearly  doubled. 
This  increase  of  epiphyte  biomass  on  Halodule  suggests 
the  potential  for  a  shift  in  balance  between  epiphytes  and 
seagrasses  with  rising  concentrations  of  atmospheric  car¬ 
bon  dioxide.  In  eutrophic  waters  where  nutrient  limitations 


to  algal  growth  are  alleviated,  rising  carbon  dioxide  con¬ 
centrations  could  result  in  excessive  epiphytic  growth  and 
ultimately  in  SAV  declines. 

The  ratio  of  carbon  to  nitrogen  in  Vallisneria  leaf  tissue 
increased  with  carbon  dioxide  enrichment,  whereas  in 
Halodule  leaf  tissue  it  remained  unchanged.  We  can  only 
speculate  on  the  cause  of  the  difference  between  species. 
Differences  in  epiphyte  response  may  have  been  partly  re¬ 
sponsible,  that  is,  Halodule  leaves  under  enriched  condi¬ 
tions  were  more  epiphytized  and  thus  effectively  exposed 
to  lower  carbon  concentrations  at  the  leaf  surface  than  were 
Vallisneria  leaves.  This  explanation  suggests  that  the  car¬ 
bon-to-nitrogen  ratio  of  Halodule  leaves  with  a  lower  epi¬ 
phyte  load  would  also  increase  under  carbon  dioxide  en¬ 
richment.  Alternatively,  responses  of  individual  species  may 
reflect  differences  in  carbon  metabolism  between  species; 
specifically,  Halodule  may  be  more  effective  at  internal 
recycling  of  photorespired  carbon  dioxide  and  consequently 
less  responsive  to  external  increases.  High  carbon-to-ni¬ 
trogen  ratios  may  result  in  poorer  forage  for  consumer  or¬ 
ganisms  and  decrease  the  decomposition  rate  of  plant  de¬ 
tritus,  thereby  slowing  nutrient  recycling.  Integrated,  long¬ 
term  studies  are  sorely  needed  to  predict  such  consequences 
of  rising  atmospheric  concentrations  of  carbon  dioxide  for 
SAV  ecosystems. 
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Effects  of  Accelerated  Sea-level  Rise 

An  increase  in  global  temperatures  would  accelerate 
present  rates  of  sea-level  rise  through  thermal  expansion 
of  ocean  water  and  melting  of  polar  ice  caps  (Titus  1988). 
Predicted  increases  range  from  15  to  95  cm  by  the  year 
2100  (Houghton  et  al.  1995).  The  most  obvious  effect  of  a 
rise  in  mean  sea  level  on  submersed  vegetation  is  an  in¬ 
crease  in  the  depth  of  water  overlying  SAV  beds.  The  de¬ 
pendence  of  SAV  distribution,  production,  and  long-term 
survival  on  light  availability  is  well  established  (Dennison 
1987;  Goldsborough  and  Kemp  1988).  Because  light  is 
attenuated  exponentially  through  the  water  column,  small 
changes  in  depth  may  greatly  reduce  the  amount  of  light 
transmitted  to  rooted  plants,  resulting  in  decreased  pro¬ 
ductivity  and  shoreward  shift  in  plant  distribution.  In  areas 
where  coastal  development  limits  the  potential  for  shore¬ 
line  migration,  an  increase  in  water  depth  will  result  in  a 
decrease  in  subtidal  vegetated  habitat. 

Another  major  consequence  of  a  rise  in  sea  level  will 
be  the  inland  and  upstream  intrusion  of  salt  water  in  riv¬ 
ers,  bays,  and  wetlands,  subjecting  coastal  sites  to  increases 
in  both  average  salinity  and  the  peaks  of  salinity  pulses 
(Titus  et  al.  1991).  The  distribution  and  abundance  of  SAV 
along  salinity  gradients  has  been  described  for  many  estu¬ 
aries,  and  we  can  thus  associate  general  groups  of  species 
with  broad  salinity  zones  (Stevenson  and  Confer  1978; 
Verhoeven  and  van  Vierssen  1978;  Howard- Williams  and 
Liptrot  1980;  Brock  and  Lane  1983).  However,  understand¬ 
ing  of  the  mechanisms  underlying  these  patterns  is  lim¬ 
ited.  Community  structure  at  any  location  reflects  the  sa¬ 
linity  tolerances  of  individual  species  and  biotic  interac¬ 
tions  with  other  species.  Although  salinity  tolerances  have 
been  determined  experimentally  for  various  North  Ameri¬ 
can  species  (Haller  et  al.  1974;  Twilley  and  Barko  1990), 
estimates  for  single  species  vary  widely,  probably  because 
of  both  true  ecotypic  variation  and  experimental  technique. 
Information  is  lacking  for  many  species.  There  is  very  little 
information  on  the  relative  importance  of  biotic  interac¬ 
tions  in  structuring  SAV  communities,  particularly  under 
changing  environmental  constraints.  Therefore,  to  improve 
our  ability  to  predict  how  changes  in  salinity  will  affect 
SAV  communities,  we  simultaneously  evaluated  the  abi¬ 
otic  and  biotic  controls  of  submersed  macrophyte  responses 
to  salinity  intrusion  within  experimental  mesocosms. 

Macrophyte  Responses  to  Salinity  Intrusion 

We  assessed  the  effects  of  salinity  on  some  of  the  most 
common  species  of  SAV  found  in  coastal  waters  of  the 
southeastern  United  States.  We  selected  six  species  repre¬ 
senting  a  range  of  habitat  types  (from  freshwater  to  brack¬ 
ish)  and  values  (important  wildlife  food  plants  versus  nui¬ 
sance  species).  Our  experiments  were  designed  to  deter¬ 
mine  the  direct  effects  of  salinity  on  community  structure 
through  physiological  tolerances  of  individual  species  and 


the  indirect  effects  through  the  potential  for  changing  com¬ 
petitive  hierarchies  along  a  salinity  gradient. 

Abiotic  Control 

The  first  experimental  series  was  designed  to  determine 
the  tolerance  of  each  species  to  salinity.  We  planted  each 
species  individually  and,  following  a  3-week  acclimation 
period,  adjusted  salinities  to  experimental  levels  of  0, 4, 8, 
or  16%o;  the  high  end  of  this  gradient  is  about  half  of  full 
seawater  strength.  We  determined  the  salinity  tolerance  of 
each  species  from  measurements  of  growth,  biomass  allo¬ 
cation,  and  plant  constituent  concentrations  after  about  six 
weeks  at  treatment  salinities. 

Species  were  classified  as  intolerant  of  high  salinities, 
tolerant  of  high  salinities,  or  intermediate  in  response.  The 
maximum  salinity  at  which  the  two  intolerant  species  per¬ 
sisted  was  quite  low  (4%o  for  Hydrilla  verticillata  and  8%o 
for  Heteranthera  dubia).  The  total  biomass  and  growth 
rate  of  these  species  declined  steadily  as  salinity  increased 
from  0%o  to  the  tolerance  limit.  The  proportion  of  total 
biomass  allocated  to  leaf  material  also  began  an  early  de¬ 
cline  with  increasing  salinity,  indicating  that  the  decrease 
in  growth  associated  with  increasing  salinity  was  indeed  a 
stress  response.  In  contrast,  the  two  tolerant  species 
(Potamogeton  pectinatus  and  Ruppia  maritima)  maintained 
a  high  biomass  and  growth  rate  and  a  constant  proportion 
of  leaf  material  across  the  range  of  salinities  tested,  indi¬ 
cating  physiological  adaptation  to  high  salinity.  Finally,  two 
species  {Myriophyllum  spicatum  and  Vallisneria 
americana)  showed  intermediate  response.  Although  total 
biomass  decreased  with  increasing  salinity,  plants  persisted 
at  the  highest  salinity  tested.  Patterns  of  biomass  alloc¬ 
ation  suggested  some  degree  of  salinity  adaptation,  but 
growth  rates  at  the  highest  salinities  indicated  that  mortal¬ 
ity  would  ultimately  occur.  Thus  persistence  at  high  salin¬ 
ity  was  a  function  of  the  short  duration  of  the  experiment; 
these  species  can  probably  withstand  pulses  of  high  salinity 
better  than  can  the  intolerant  species,  but  they  would  be 
eliminated  by  long-term  increases  of  4-8%o.  From  these 
physiological  tolerances  we  can  predict  the  potential  spe¬ 
cies  composition  along  a  gradient  of  mean  salinities  (Table  2-1). 

Biotic  Interactions 

We  designed  a  second  experimental  series  to  determine 
how  these  potential  patterns  might  be  altered  by  competi¬ 
tive  interactions.  For  this  series  each  species  was  grown  in 
paired  combinations  at  the  same  four  test  salinities.  Rather 
than  planting  all  pairwise  combinations  of  species,  we  mea¬ 
sured  the  performance  of  each  one  relative  to  a  reference 
species.  These  relative  performances  we  then  ranked  to 
generate  a  competitive  hierarchy  at  each  salinity.  Using 
this  approach  we  found  that  the  relative  performances  of 
the  species  and  the  consequent  order  of  species  dominance 
generally  remained  constant  from  low  to  high  salinities.  Strong 
competitors  such  as  Hydrilla  verticillata  and  Heteranthera 
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Table  2-1 .  Potential  changes  in  community  composition  of  various 
species  of  submerged  aquatic  vegetation  as  a  result  of  increased 
salinity.  Given  this  assemblage  of  species,  those  species  marked 
with  an  asterisk  are  expected  to  dominate  the  community. 


A.  Potential  community  composition  determined  from  maximum 
salinity  tolerances  of  individual  species.  An  X  indicates  species 
presence  at  the  given  salinity. 
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Hydrilla  verticillata 
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Heteranthera  dubia 
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Myriophyllum  spicatum 
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Vallisneria  americana 
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X 
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Potamogeton  pectinatus 

X 
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Ruppia  maritima 

X 

X 

X 
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B.  Predicted  community  structure  based  on  salinity  tolerance  and 
competitive  performance.  An  X  indicates  species  presence  at  a 
particular  salinity. 
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Hydrifla  verticiflata  *  X 

Heteranthera  dubia  *  *  X 

Myriophyllum  spicatum  *  *  X  X 

Vallisneria  americana  X  *  X  X 

Potamogeton  pectinatus  XX** 

Ruppia  maritima  XX** 


dubia  dominated  at  low  salinities  and  were  excluded  from 
the  high  end  of  the  salinity  gradient  by  physiological  intol¬ 
erance  to  the  abiotic  conditions.  Those  species  tolerant  of 
high  salinities,  such  as  Ruppia  maritima  and  Potamogeton 
pectinatus,  were  weak  competitors;  they  were  outcompeted 
at  the  low  salinities  and  had  a  refuge  at  the  stressful  end  of 
the  salinity  gradient.  Salinity  adaptation  in  this  system  thus 
appeared  to  result  in  a  classic  tradeoff  between  stress  tol¬ 
erance  and  competitive  ability.  At  high  salinities,  informa¬ 
tion  on  salinity  tolerance  alone  becomes  sufficient  to  pre¬ 
dict  community  structure. 

Superimposing  the  effects  of  biotic  interactions  on  the 
potential  species  composition  as  previously  determined 
from  salinity  tolerances  alone  allows  predictions  for  real¬ 
ized  community  structure  along  a  salinity  gradient  (Table 
2-1).  Biotic  interactions  seem  to  play  a  large  role  in  struc¬ 
turing  the  community  at  low  salinities,  and  tolerance  of 
abiotic  conditions  is  more  important  at  high  salinities.  These 
results  are  consistent  with  evidence  from  other  systems  in 
which  species  have  shared  preferences  for  habitat  condi¬ 
tions,  with  competitive  hierarchies  excluding  species  at 
different  distances  along  a  stress  gradient.  Predictions  for 
alterations  in  the  salinity  structure  of  any  coastal  area  can 
be  derived  from  physical  information  on  local  geomoiphology, 


watershed  freshwater  inputs,  the  volume  of  the  tidal  prism, 
and  predicted  sea-level  rise.  Given  an  existing  SAV  com¬ 
munity  composition  and  an  expected  change  in  salinity, 
information  from  this  study  can  be  used  to  predict  changes 
in  SAV  community  structure.  It  is  important  to  note,  how¬ 
ever,  that  our  experiments  determined  the  potential  for  com¬ 
munity  changes  following  short-term  salinity  pulses  based 
on  competition  for  limiting  nutrients  by  mature  plants.  More 
accurate  predictions  will  require  information  on  long-term 
salinity  increases,  the  role  of  competition  for  other  limit¬ 
ing  resources  such  as  light,  and  responses  by  other  plant 
growth  stages,  particularly  during  propagule  formation  and 
recruitment. 

Effects  of  Increased  Storm  Disturbance 

An  increase  in  the  severity  and  frequency  of  tropical 
storms  as  a  result  of  warmer  tropical  seas  would  have  acute 
impacts  on  coastal  SAV.  Currents  generated  by  strong 
winds  cause  erosional  depressions  (blowouts)  that  migrate 
through  seagrass  beds  (Patriquin  1975).  Blowouts  are  re¬ 
colonized  from  seeds  or  vegetative  branching,  favoring 
species  that  can  tolerate  unstable  mineral  sediments.  Thus 
recurrent  blowouts  may  cause  a  species  shift  favoring  colo¬ 
nizing  species  such  as  Halodule  wrightii  and  Syringodium 
filiforme  over  “climax”  species  such  as  Thalassia 
testudinum  (Clarke  and  Kirkman  1989;  Williams  1990). 
If  disturbances  occur  more  frequently  than  recolonization 
can  take  place,  all  seagrasses  may  be  lost  from  an  area. 
Intense  storm  events  may  also  result  in  temporary  or  per¬ 
manent  loss  of  seagrasses  through  increased  water  column 
turbidity  (Davis  and  Carey  1981)  or  by  complete  burial 
(Onuf  and  Quammen  1983).  Reduction  or  elimination  of 
tidal  freshwater  SAV  by  scouring,  turbidity  from  sediment 
resuspension  and  runoff,  and  burial  from  sedimentation 
has  also  been  documented  (Bilby  1977;  Rybicki  and  Carter 
1986;  Johnstone  and  Robinson  1987). 

Far  less  studied,  but  of  potentially  equal  importance, 
are  the  chronic  impacts  of  storm  disturbance  on  coastal 
SAV.  Following  erosion  of  patches  to  mineral  sediments 
by  intense  wind  and  wave  disturbance,  shifts  in  commu¬ 
nity  composition  can  occur  because  of  the  varying  resource 
requirements  of  individual  species  (Williams  1990).  How¬ 
ever,  storm  disturbances  other  than  intense  erosion  events 
can  also  influence  resource  availability.  For  example,  rela¬ 
tively  small  amounts  of  sediment  deposition  can  cause 
gradual  changes  in  the  sedimentary  environment  across 
broad  zones  and  can  be  a  result  of  frequent,  minor  storms. 
By  changing  the  availability  of  sediment  nutrient  resources, 
such  chronic  disturbance  could  also  influence  community 
pattern.  To  improve  our  ability  to  predict  responses  of 
coastal  SAV  to  overall  increases  in  storm  disturbance,  we 
studied  the  role  of  chronic  physical  disturbance  in  patterns 
of  seagrass  distribution  and  abundance  in  coastal  Louisiana. 
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Responses  to  Overwash  Disturbance 

We  used  a  combination  of  field  observations  and  field 
experiments  to  relate  seagrass  distribution  and  abundance 
to  physical  factors  associated  with  storm  disturbance  and 
to  test  the  effects  of  disturbance-induced  environmental 
conditions  on  observed  patterns.  Our  investigations  focused 
on  an  extensive  seagrass  bed  in  Chandeleur  Sound  that  is 
protected  from  the  Gulf  of  Mexico  by  a  low-relief  barrier 
island  chain,  the  Chandeleur  Islands.  Storms  regularly 
overwash  the  islands  and  deposit  sandy,  shoreface  sedi¬ 
ments  in  the  seagrass  community,  but  erosion  and  uproot¬ 
ing  of  vegetation  are  rare  (Fig.  2-10). 

From  surveys  of  a  series  of  16  shore-normal  transects 
across  the  seagrass  bed,  we  were  able  to  relate  seagrass 
community  structure  to  dominant  environmental  charac¬ 
teristics.  We  placed  transects  randomly  within  one  of  two 
disturbance  regimes,  in  zones  of  frequent  island  overwash 
or  in  relatively  protected  zones  behind  emergent  marsh. 
Although  we  found  no  difference  in  the  frequency  of 
occurrence  of  any  species  between  the  two  disturbance 
regimes,  we  found  that  the  average  percent  cover  of 


Figure  2-10.  The  seagrass  ecosystem  of  Chandeleur  Sound, 
Louisiana,  showing  seagrass  beds  and  areas  of  storm  overwash. 


Thalassia  was  highest  in  protected  zones  whereas  that  of 
Syringodium  was  highest  in  overwashed  zones.  The  na¬ 
ture  of  the  sedimentary  environment  was  related  to 
overwash  frequency;  regardless  of  the  dominant  seagrass 
species,  sediments  within  the  overwashed  zones  were  char¬ 
acterized  by  a  higher  proportion  of  sand  and  lower  avail¬ 
ability  of  inorganic  nitrogen  than  were  sites  within  the  pro¬ 
tected  zones.  By  identifying  those  environmental  charac¬ 
teristics  associated  with  the  highest  percent  coverage  of 
each  seagrass  species,  we  were  then  able  to  determine  the 
conditions  contributing  to  patch  dominance.  Patches  domi¬ 
nated  by  Syringodium  were  indeed  associated  with  sandy 
sediments,  whereas  patches  dominated  by  Thalassia  were 
found  in  sediments  of  high  organic  content  and  low  pro¬ 
portion  of  sand.  Our  subsequent  growth  experiments 
showed  that  Thalassia  grows  more  rapidly  in  the  relatively 
nutrient-rich  sediments  found  in  protected  areas,  whereas 
Syringodium  shows  no  difference  in  growth  between  habi¬ 
tats.  Presumably  patches  dominated  by  Syringodium  are 
more  prevalent  in  overwashed  areas  because  of  reduced 
competition  from  Thalassia. 

These  studies  indicate  that  seagrass  community  organi¬ 
zation  can  indeed  be  controlled  in  part  by  frequent  and 
relatively  minor  overwash  sediment  deposition,  either  di¬ 
rectly  as  in  the  case  of  Thalassia  or  indirectly  as  in  the 
case  of  Syringodium.  Therefore,  by  increasing  deposition 
of  sandy  beach  and  offshore  sediments  in  seagrass  beds,  a 
rise  in  the  frequency  of  low  intensity  storms  would  alter 
community  structure.  We  expect  the  chronic  effects  of  in¬ 
creased  sediment  deposition  from  storm-generated  waves 
to  parallel  the  acute  effects,  causing  an  ultimate  shift  in 
community  composition  to  early  colonizing  species. 

Conclusions 

Effects  of  Elevated  Dissolved  Inorganic  Carbon 

Photosynthesis 

Photosynthesis  was  likely  to  increase  with  increased 
concentrations  of  dissolved  carbon  dioxide  for  a  number 
of  plant  species  and  for  most  plant  species  during  periods 
of  rapid  growth  and/or  warmer  temperatures.  The  sole  ex¬ 
ceptions  appeared  to  be  for  plants  growing  in  environments 
high  in  dissolved  carbon  dioxide.  The  macrophyte  species 
from  the  environments  tested,  however,  seemed  unlikely 
to  increase  photosynthesis  in  response  to  increased  con¬ 
centrations  of  dissolved  bicarbonate  and  may  be  inhibited 
by  such  increases  which  raise  pH  and  decrease  available 
dissolved  carbon  dioxide.  This  effect  may  have  been,  in 
part,  an  experimental  artifact  arising  from  a  rapid  experi¬ 
mental  increase  in  bicarbonate  concentration  and  pH  in 
plants  primarily  adapted  to  using  free  carbon  dioxide. 

Phytoplankton  from  saline  environments,  even  if  only 
brackish,  did  not  respond  to  increased  carbon  dioxide  con¬ 
centrations,  probably  because  photosynthesis  was  saturated 
by  available  concentrations  of  bicarbonate.  Freshwater 
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phytoplankton  did  respond  to  increases  in  both  dissolved 
carbon  dioxide  and  dissolved  bicarbonate  on  most  occa¬ 
sions,  except  for  one  environment  high  in  dissolved  car¬ 
bon.  Even  for  the  latter  site,  photosynthesis  was  increased 
on  occasion. 

Finally,  benthic  microalgal  photosynthesis  did  not  re¬ 
spond  to  increases  in  either  dissolved  carbon  dioxide  or  dis¬ 
solved  bicarbonate.  However,  in  highly  autotrophic  sedi¬ 
ments  in  waters  with  low  total  inorganic  carbon  or  low  dis¬ 
solved  carbon  dioxide,  this  community  may  respond  as  did 
freshwater  phytoplankton. 

Growth 

Increased  carbon  dioxide  did  not  increase  production  of 
plant  biomass  for  either  Halodule  wrightii  or  Vallisneria 
atnericcinci  subjected  to  a  short-term,  late-season  enrich¬ 
ment;  however,  it  did  increase  the  biomass  of  seagrass  epi¬ 
phytes  and  did  alter  the  allocation  of  macrophyte  biomass, 
increasing  the  relative  proportion  of  belowground 
biomass  in  both  species.  Increased  carbon  dioxide  also 
increased  the  relative  proportion  of  carbon  to  nitrogen  in 
leaf  tissues  of  the  freshwater  species.  In  addition,  growth 
under  increased  carbon  dioxide  did  not  cause  photosyn¬ 
thesis  to  acclimate  to  higher  concentrations  for  either  species. 

Predictions  for  SAV  Communities  Under  Elevated 
Dissolved  Inorganic  Carbon 

Community  composition  will  shift  towards  species  which 
are  less  efficient  users  of  bicarbonate,  and  shifts  in  the  rela¬ 
tive  importance  of  primary  producer  groups  are  possible. 
Phytoplankton  and  epiphyte  responses  may  be  detrimental 
to  both  growth  and  survival  of  submersed  species,  particu¬ 
larly  in  eutrophic  waters  where  nutrient  limitations  to  algal 
growth  are  alleviated.  Responses  may  favor  SAV  species 
whose  ecological  requirements  are  compatible  with  en¬ 
hanced  production  of  phytoplankton  and/or  epiphytes. 

Benthic  microalgal  production  is  likely  to  be  inhibited 
by  enhanced  production  of  phytoplankton,  epiphytes,  and 
macrophytes  due  to  shading  effects. 

Shifts  in  the  allocation  of  biomass  to  belowground  plant 
tissues  will  have  important  consequences  for  other  spe¬ 
cies  using  SAV  habitats.  For  example,  species  such  as  win¬ 
tering  redhead  ducks  which  feed  primarily  on  belowground 
tissues  of  Halodule  wrightii  may  find  an  expanded  food 
base,  while  species  such  as  juvenile  shrimp  may  find  a 
reduction  in  the  cover  they  need  for  survival. 

Increases  in  the  relative  concentration  of  carbon  to  ni¬ 
trogen  in  plant  tissues  will  make  for  poorer  quality  forage 
for  grazing  species  such  as  wintering  waterfowl. 
Decomposition  processes  will  likely  be  slowed  as  organic 
matter  becomes  more  refractory,  decreasing  the  amount 
of  production  by  higher  trophic  levels  dependent  on  detri- 
tal  food  chains.  Higher  tissue/detrital  carbon-to-nitrogen 
ratios  may  also  alter  the  cycling  of  other  critical  nutrients 
such  as  nitrogen,  with  largely  unknown  effects  for  these 


ecosystems.  This  alteration  may  also  happen  to  phytoplankton 
communities,  but  no  research  has  been  conducted  on  this 
aspect  to  date.  Other  possible  effects  on  macrophytes  in¬ 
clude  alteration  of  plant  morphology,  increased  biomass, 
accelerated  growth,  and  compression  of  life  history. 

Effects  of  Increased  Salinity  Caused  By 
Elevated  Sea  Level 

Based  on  the  responses  of  mature  plants  to  short-term 
salinity  increases,  we  conclude  that  macrophyte  species 
which  tolerate  high  salinities  are  generally  weak  competi¬ 
tors  at  lower,  less  physiologically  stressful  salinities.  Spe¬ 
cies  that  tend  to  dominate  the  community  at  low  salinities 
are  excluded  from  waters  of  higher  salinity  by  physiologi¬ 
cal  intolerance  to  abiotic  conditions. 

In  systems  that  experience  a  salinity  increase  from  fresh¬ 
water  to  oligohaline  (0.5-5%o)  conditions,  consequent 
changes  in  SAV  community  structure  will  be  highly  influ¬ 
enced  by  the  competitive  abilities  of  both  existing  species 
and  new  recruits.  Strong  competitors  such  as  Hydrilla 
verticillata,  Myriophyllum  spicatum,  and  Heteranthera 
dubia  are  predicted  to  dominate  Gulf  of  Mexico  systems 
at  low  salinity. 

Changes  in  SAV  community  structure  in  mesohaline  (5- 
18%o)  systems  subjected  to  salinity  increase  will  be  strongly 
governed  by  the  salinity  tolerance  of  existing  species  and 
new  recruits.  Salt-tolerant  species  such  as  Potamogeton 
pectinatus  and  Ruppia  maritima  will  likely  dominate  sys¬ 
tems  at  high  salinity. 

The  ecological  value  of  SAV  systems  is  a  function  of  both 
primary  and  secondary  production.  Therefore,  although  im¬ 
portant  wildlife  food  plants  such  as  Ruppia  maritima  and 
Potamogeton  pectinatus  may  actually  be  enhanced  by  sa¬ 
linity  increase  within  the  mesohaline  range,  future  habitat 
value  will  depend  also  on  responses  of  other  trophic  lev¬ 
els  such  as  macroinvertebrates.  In  some  instances  a  rise  in 
salinity  may  eliminate  nuisance  species  such  as  Hydrilla 
verticillata  and  Myriophyllum  spicatum. 

Effects  of  Increased  Storm  Disturbance  on 
Seagrass  Systems 

Increased  deposition  of  sandy  shoreface  sediments  in 
seagrass  beds  results  in  a  higher  proportion  of  large-sized 
particles  in  the  substrate  and  lower  availability  of  inor¬ 
ganic  nitrogen.  Seagrass  beds  protected  from  frequent 
overwash  deposition  are  dominated  by  Thalassia 
testudinum,  a  climax  seagrass  species  with  a  high  nitrogen 
demand,  while  Syringodiumfiliforme  dominates  areas  sub¬ 
ject  to  frequent  overwash  deposition,  presumably  because 
of  reduced  competition  from  Thalassia  testudinum. 
Therefore,  increased  deposition  of  sandy  sediments 
caused  by  increased  storm  disturbance  will  likely  cause 
a  shift  in  seagrass  community  composition  to  early  colo¬ 
nizing  species  (Syringodium  filiforme,  Halodule  wrightii) 
with  relatively  low  nutrient  demands. 
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Abstract:  The  ability  of  coastal  wetlands  to  keep  pace  with  sea-level  rise  through  vertical  accretion  and 
transgression  onto  adjacent  upslope  habitats  was  examined  for  the  following  coastal  habitats  in  the  southeastern 
United  States:  low  salt  marsh,  high  salt  marsh,  brackish  marsh,  and  mangrove  forests  (fringe,  basin,  and  overwash 
islands).  The  relationship  between  vertical  accretion  and  soil  elevation  change  was  determined  for  these  wetland 
types  along  gradients  of  marsh  type,  tidal  range,  and  subsidence.  Simultaneous  measures  of  vertical  accretion  and 
soil  elevation  change  were  used  to  calculate  each  wetland’s  rate  of  shallow  subsidence  (accretion  minus  elevation 
change)  and  to  evaluate  the  potential  for  submergence  of  each  wetland  given  the  local  rate  of  sea-level  rise. 
Significant  rates  of  shallow  subsidence  were  measured  at  7  of  12  marsh-mangrove  wetlands.  Four  of  these  seven 
sites  experienced  a  significant  elevation  deficit  (elevation  minus  relative  sea-level  rise),  but  none  of  the  four  sites 
experienced  a  significant  accretion  deficit  (accretion  minus  relative  sea-level  rise),  indicating  how  misleading 
accretion  data  can  be  when  evaluating  the  potential  for  submergence  of  coastal  wetlands.  These  findings  also 
indicated  that  subsurface  processes  occurring  in  the  top  few  meters  of  the  soil  were  as  or  more  important  in 
determining  marsh  elevation  than  surface  accretionary  processes  for  some  of  the  marshes.  Subsurface  processes  that 
likely  influenced  elevation  included  compaction,  plant  growth,  plant  decomposition,  and  shrink-swell  from  water 
storage.  Forces  driving  these  processes  apparently  included  seasonal  changes  in  water  levels  and  aperiodic 
occurrences  of  major  storms.  Hence,  the  potential  for  submergence  of  some  coastal  marshes  is  best  determined  by 
calculating  elevation  deficits  rather  than  accretion  deficits. 

Rates  of  marsh  transgression  onto  adjacent  upland  forests  were  determined  at  two  high  salt  marshes  located  on 
Pamlico  Sound,  North  Carolina,  by  radiocarbon  dating  of  basal  marsh  peats  along  transects  running  from  the 
marsh  into  the  forest.  The  rate  of  movement  of  the  marsh  edge  onto  adjacent  forest  habitat  was  neither  gradual  nor 
constant,  but  was  instead  punctuated.  The  ages  of  the  basal  marsh  sediments  were  grouped,  indicating  that 
transgression  occurred  as  a  series  of  events  separated  by  longer  periods  of  relatively  little  marsh-edge  movement. 
It  is  unlikely  that  the  transgression  events  were  initiated  directly  by  rapid,  local  relative  sea-level  rise  because  the 
events  were  not  synchronous  between  the  two  sites.  Rather,  the  transgression  events  were  likely  generated  by 
disturbance  of  the  upland  vegetation,  allowing  the  marsh  to  leap  forward.  A  likely  vector  for  disturbance  would 
be  major  storms  (e.g.,  hurricanes)  or  fires,  although  sea-level  rise  is  still  the  driving  force  behind  the  transgression. 
Hence,  short-term  rates  of  marsh  transgression  may  be  meaningless  and  may  not  be  useful  tools  to  predict 
wetland  habitat  change,  at  least  for  some  marshes. 

The  findings  from  this  study  indicate  that  predicting  the  vertical  buildup  and  migration  of  coastal  wetlands  in 
response  to  sea-level  rise  requires  site-specific  information,  and  also  that  we  need  to  understand  more  about  the 
interactions  among  vegetation,  soil,  and  hydrologic  processes  as  they  relate  to  soil  elevation  in  marshes  and 
mangrove  forests  if  we  are  to  properly  manage  these  resources  during  future  increases  in  sea  level.  Specifically, 
we  need  information  on  shallow  subsidence  from  additional  environmental  settings,  the  critical  processes 
controlling  elevation  in  each  environmental  setting  and  site,  the  natural  forces  driving  the  processes  controlling 
elevation,  and  the  influence  of  management  processes  on  shallow  subsidence,  marsh  transgression,  and  the 
potential  for  marsh  submergence. 
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Introduction 

In  this  chapter  we  present  a  summary  of  the  technical 
results  of  a  multiyear  investigation  into  the  relationships 
among  accretionary  processes,  sea-level  rise,  and  the  po¬ 
tential  for  submergence  of  coastal  wetlands  during  future 
rises  in  sea  level.  Technical  explanations  of  the  method¬ 
ologies  and  experimental  design  used  in  this  study  are  pro¬ 
vided  in  Boumans  and  Day  (1993),  Gaboon  et  al.  (1995a; 
1995b;  1996a;  1996b),  Reed  and  Gaboon  (1992),  and  Reed 
et  al.  (1995). 

Global  mean  sea  level  has  risen  approximately  1-2  mm/ 
year  during  the  past  100  years  (Gomitz  1995).  The  Inter¬ 
governmental  Panel  on  Glimate  Ghange  predicts  a  50-cm 
rise  in  average  global  eustatic  sea  level  by  2100,  between 
two  and  five  times  the  rise  in  the  past  century  (Watson  et 
al.  1996).  The  low  and  high  estimates  of  change  range  from 
15  to  95  cm  (Watson  et  al.  1996).  Latest  estimates  by  the 
U.  S.  Environmental  Protection  Agency  (USEPA)  similarly 
indicate  that  global  warming  will  likely  raise  sea  level  15  cm 
by  the  year  2050  and  that  the  present  rate  of  eustatic  sea- 
level  rise  will  increase  by  4.2  mm/year  (two-  to  fourfold)  by 
the  year  2100  (Titus  and  Narayanan  1995).  These  estimates 
do  not  include  sea-level  rise  caused  by  factors  other  than 
global  warming  (e.g.,  land  subsidence).  Areas  with  high 
local  rates  of  subsidence,  such  as  the  Mississippi  River 
delta,  are  currently  experiencing  relative  sea-level  rise  rates 
(i.e.,  eustatic  sea-level  rise  plus  land  subsidence)  up  to  10 
times  the  global  mean  sea-level  rise  rate  (Penland  and 
Ramsey  1990;  Gomitz  1995).  The  potential  for  submergence 
of  coastal  wetlands,  particularly  deltas,  will  increase  under 
a  scenario  of  rising  relative  sea  level  (Gomitz  1991). 

In  order  for  marshes  not  to  become  submerged  as  sea 
level  rises,  vertical  buildup  of  the  marsh  surface  will  have 
to  equal  or  exceed  the  rate  of  relative  sea-level  rise.  The 
question  arises  as  to  how  an  increase  in  sea  level  will  af¬ 
fect  marsh  sediment  deposition,  vertical  accretion  pro¬ 
cesses,  and  ultimately  elevation.  An  increase  in  sea  level 
may  increase  or  decrease  the  local  tide  range  and  may  also 
result  in  a  phase  shift  of  the  estuary  from  flood-  to 
ebb-dominated  (Dyer  1995).  Such  changes  would  directly 
affect  patterns  of  water  circulation,  suspended  sediment  con¬ 
centrations,  and  marsh  flooding,  as  well  as  rates  of  vegeta¬ 
tion  growth  and,  ultimately,  marsh  accretionary  pro¬ 
cesses  (Dyer  1995;  Reed  1995).  Also,  increased  global 
warming  may  increase  the  frequency  of  hurricanes 
(Emanuel  1987),  which  could  influence  local  sediment 
supplies  and  marsh  aceretionary  processes  as  well  as  ero¬ 
sion  caused  by  wind  and  waves.  As  sea  level  rises,  marshes 
may  migrate  landward,  provided  there  is  no  barrier  to  move¬ 
ment  such  as  a  fixed  stmcture  (e.g.,  a  building  or  seawall). 
Subsidence  can  vary  strongly  among  sites:  for  example, 
being  high  in  deltas  with  thick  Holocene  deposits  and  low 
on  stable  geologic  formations  such  as  ancient  shields. 


Hence,  the  potential  for  coastal  marsh  submergence  is 
controlled  more  by  the  local  environmental  factors  of  rela¬ 
tive  sea-level  rise,  coastal  geomorphology,  sediment  sup¬ 
ply,  and  frequency  of  major  storms  than  by  the  trend  in 
eustatic  mean  sea  level  (Gomitz  1995).  Therefore,  predict¬ 
ing  the  potential  for  coastal  marsh  submergence  caused 
by  sea-level  rise  requires  site-specific  information  and  an 
improved  understanding  of  the  interactions  among  marsh 
vegetation,  soil,  and  hydrological  processes. 

In  this  study,  we  investigated  marsh  accretion  and  el¬ 
evation  change  in  coastal  marshes  and  mangroves  selected 
along  gradients  of  tidal  range,  subsidence,  and  marsh  type 
in  order  to  evaluate  the  processes  controlling  both  vertical 
development  of  the  marsh  surface  and  transgression  (hori¬ 
zontal  movement)  of  the  marsh  surface  onto  adjacent  up¬ 
lands.  The  goal  of  this  study  was  to  improve  our  under¬ 
standing  of  the  relationships  among  marsh  accretionary 
processes,  marsh  elevation  changes,  hydroperiod,  relative 
sea-level  rise,  and  the  potential  for  coastal  marsh  submer¬ 
gence  so  that  we  could  better  evaluate  the  ability  of  marshes 
to  keep  pace  with  sea-level  rise. 

Vertical  Buildup  of  the  Marsh  Surface 

Traditionally,  the  potential  for  marsh  submergence  has 
been  determined  by  calculating  accretion  deficits  (Reed 
and  Gaboon  1993).  Measured  rates  of  vertical  accretion 
are  compared  directly  to  local  rates  of  relative  sea-level 
rise.  If  accretion  is  not  keeping  pace  with  sea-level  rise 
then  an  accretion  deficit  is  said  to  exist,  and  the  potential 
for  submergence  of  the  coastal  marsh  is  high.  The  accre¬ 
tion  deficit  concept  assumes  that  surface  accretion  mea¬ 
sures  are  a  good  indicator  of  marsh  surface  elevation 
change.  We  also  know,  however,  that  the  marsh  surface 
subsides  because  of  autocompaction  of  the  Holocene  marsh 
deposits  (Kaye  and  Barghoom  1964),  as  reflected  in  the 
sharp  decline  in  water  content  as  well  as  consolidation  over 
the  top  1  m  of  the  marsh  substrate  (Kearney  and  Ward  1986) 
and  as  inferred  from  slower  accretion  rates  for  historic  (^^^Cs 
and  2^°Pb)  and  geologic  (^^C)  accretion  methods  (Reed  and 
Gaboon  1993;  Stevenson  et  al.  1986),  and  also  that  addi¬ 
tional  subsidence  may  occur  through  faulting  and  compac¬ 
tion  of  deep  sediments,  particularly  in  deltaic  environments 
(Penland  et  al.  1989).  Hence,  the  validity  of  the  assump¬ 
tion  that  surface  accretion  equals  elevation  change  should 
be  questioned.  If  the  increase  in  elevation  is  smaller  than 
the  vertical  accretion  gain  because  of  soil  subsidence,  then 
the  accretion  deficit  concept  is  underestimating  the  poten¬ 
tial  for  coastal  marsh  submergence.  Important  questions 
for  coastal  managers  include:  What  is  the  relationship  be¬ 
tween  accretion  and  elevation  change?  How  does  this  re¬ 
lationship  vary  over  the  range  of  coastal  hydrogeomorphic 
settings?  If  elevation  gain  is  slower  than  accretion  gain, 
what  are  the  important  processes  controlling  elevation? 
What  natural  forces  drive  these  processes?  And,  what  are 
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the  implications  for  managing  coastal  wetlands  during 
periods  of  rising  sea  level? 

The  objectives  of  this  part  of  the  study  were  to  (1)  mea¬ 
sure  accretion  and  elevation  change  in  marshes  along  gra¬ 
dients  of  marsh  type,  subsidence,  and  hydroperiod;  (2) 
evaluate  the  relationship  between  accretion  and  elevation 
change  both  within  and  between  sites;  (3)  evaluate  the  role 
of  hydroperiod  in  determining  marsh  response  to  sea-level 
rise;  and  (4)  evaluate  the  relationship  between  elevation 
change  and  relative  sea-level  rise  (i,e.,  calculate  an  eleva¬ 
tion  deficit). 

Experimental  Approach  and  Terminology 

In  order  to  meet  these  objectives  and  answer  these  ques¬ 
tions,  it  was  necessary  to  develop  a  new  investigative  ap¬ 
proach  that  simultaneously  quantified  vertical  accretion  and 
surface-elevation  change  with  a  level  of  accuracy  sufficient 
to  distinquish  between  the  influences  of  surface  and  sub¬ 
surface  processes  on  marsh  elevation.  Surface  accretion¬ 
ary  processes  (e.g.,  sediment  deposition  and  erosion)  were 
determined  from  artificial  marker  horizon  plots  established 
on  the  marsh  surface  (Cahoon  and  Turner  1989).  Marsh 
surface-elevation  change  was  measured  relative  to  a  sub¬ 
surface  datum  (usually  3-5  m  deep)  using  a  sedimenta¬ 
tion-erosion  table  (SET)  (Boumans  and  Day  1993).  This 
method  of  measuring  elevation  integrates  both  surface  pro¬ 
cesses  (e.g.,  deposition,  erosion)  and  subsurface  processes 
(e.g.,  compaction,  shrink-swell,  plant  growth,  decomposi¬ 
tion)  occurring  over  the  top  several  meters  of  the  soil.  The 
difference  between  the  two  simultaneous  measures  gives 
an  estimate  of  the  impact  of  subsurface  processes  on  marsh 
surface  elevation  change  and  of  the  degree  to  which  accre¬ 
tion  measures  alone  underestimate  the  potential  for  coastal 
marsh  submergence,  if  at  all.  The  influence  of  subsurface 
processes  on  marsh  elevation  has  been  termed  “shallow 
subsidence.”  These  concepts  and  the  relationship  between 
the  two  methods  are  graphically  presented  in  Fig.  3-1  and 
explained  in  detail  in  Cahoon  et  al.  (1995a). 

Study  sites  were  selected  along  gradients  of  marsh  type, 
subsidence,  and  tidal  range,  primarily  in  the  southeastern 
United  States  (Fig.  3-2).  Most  sites  were  located  in  saline 
coastal  habitats  of  low  salt  marsh  (Old  Oyster  Bayou, 
Bayou  Chitigue,  and  Tijuana  Slough  National  Wildlife  Ref¬ 
uge  [NWR]),  high  salt  marsh  (St.  Marks  NWR  and  Cedar 
Island  NWR),  or  mangrove  (Rookery  Bay)  (Fig.  3-3a,b,c). 
Two  sites  were  located  in  brackish  marsh  (McFaddin  NWR 
and  Three  Bayous).  At  Rookery  Bay,  measurements  were 
made  in  fringe,  basin,  and  overwash  island  forests.  The 
sites  from  the  Mississippi  River  delta  in  Louisiana  repre¬ 
sent  areas  of  high  subsidence.  Bayou  Chitigue  is  a  rapidly 
deteriorating  low  salt  marsh,  in  contrast  to  Old  Oyster 
Bayou,  which  is  a  stable,  healthy  marsh.  All  other  sites 
represent  low  subsidence  areas.  All  sites  are  microtidal, 
but  the  tidal  range  at  St.  Marks  is  five  times  greater  than 
for  Cedar  Island.  The  tidal  range  at  Tijuana  Slough  is  three 


Sedimentation 
erosion  table  '  ' 


Figure  3-1.  Conceptual  diagram  (not  to  scale)  showing  those 
portions  of  the  soil  profile  being  measured  by  the  sedimentation- 
erosion  table  (SET)  and  marker  horizon  techniques.  The  boundary 
separating  shallow  and  deep  subsidence  is  defined  operationally 
by  the  bottom  of  the  SET  pipe. 


Figure  3-2.  Location  of  study  sites  for  estimating  the  potential  for 
submergence  of  coastal  wetlands. 


times  greater  than  the  Louisiana  marshes.  Since  both  sedi¬ 
ment  distribution  and  plant  growth  are  hydrologically  me¬ 
diated,  hydroperiod  (i.e.,  the  frequency,  depth,  and  dura¬ 
tion  of  marsh  surface  flooding)  was  determined  at  each  site 
from  a  local  tide  gauge  and  detailed  levelling  of  the  marsh 
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Fig.  3-3b.  High  salt  marsh  dominated  by  Juncus  roemerianus. 
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Fig.  3  -3c.  Mangrove  forest  dominated  by  red  mangrove,  Rhizophora  mangle. 


surface  (Reed  and  Gaboon  1992;  Gaboon  and  Reed  1995; 
Gaboon  et  al.  1996a). 

Shallow  Subsidence 

Gomparison  of  annual  means  of  vertical  accretion  and 
elevation  change  allowed  us  to  calculate  rates  of  shallow 
subsidence  for  each  site  (Table  3~1).  Measurements  were 
made  approximately  every  6  months  over  a  2-  to  3.5-year 
period,  and  annual  rates  were  determined  from  regression 
analyses.  Vertical  accretion  rates  at  all  12  sites  were  sig¬ 
nificantly  different  from  zero,  with  highest  rates  measured 
in  low  salt  marsh,  followed  by  brackish  marsh,  mangrove 
forests,  and  high  salt  marsh.  In  contrast,  only  6  of  12  sites 
had  rates  of  elevation  change  significantly  different  from 
zero  with  no  apparent  pattern  related  to  wetland  type.  Sig¬ 
nificant  shallow  subsidence  occurred  at  7  of  the  12  sites 
(Table  3-1),  primarily  in  wetlands  with  highly  organic 
or  unstable  soils. 

Four  of  six  low  salt  marsh  and  mangrove  sites  along  the 
Gulf  of  Mexico  had  significant  rates  of  shallow  subsid¬ 
ence,  ranging  from  0.38  to  2.39  cm/year,  with  the  highest 
rate  measured  at  Bayou  Ghitigue.  In  contrast,  Old  Oyster 
Bayou,  located  near  sediment-rich  Atchafalaya  Bay,  and 
the  basin  mangrove  forest  at  Rookery  Bay  had  no  signifi¬ 
cant  shallow  subsidence.  The  overwash  islands  and  fringe 
mangrove  forests  at  Rookery  Bay,  however,  had  signifi¬ 
cant  rates  of  shallow  subsidence  of  0.38  and  0.58  mm/year. 
One  of  the  islands  had  no  significant  elevation  gain  over  the 
2-year  period  despite  significant  vertical  accretion. 

In  the  southeastern  United  States,  two  high  salt  marshes 
dominated  by  black  needlerush  (Juncus  roemerianus)  had 
no  significant  elevation  gain  and  a  significant  rate  of  shallow 


subsidence  of  nearly  3  mm/year.  In  contrast,  two  brackish 
marshes  dominated  by  saltmeadow  cordgrass  (Spartina 
patens),  one  from  the  chenier  plain  and  one  from  the  delta 
plain  along  the  north  central  Gulf  of  Mexico  coast,  had  no 
measured  shallow  subsidence.  In  southern  Galifornia, 
where  sediment  delivery  to  the  marsh  is  related  to  erratic 
annual  rainfall  patterns  and  associated  riverflows  (Gaboon 
et  al.  1996a),  Tyuana  Slough  experienced  a  major  sedimen¬ 
tation  event  associated  with  a  major  winter  storm  during 
our  first  sampling  interval.  In  the  low  Galifornia  cordgrass 
{Spartina  foliosa)  marsh,  significant  vertical  accretion  and 
elevation  gain  associated  primarily  with  this  event  were 
measured,  but  no  significant  shallow  subsidence  occurred 
(Table  3-1).  The  high  marsh,  however,  experienced  a  shal¬ 
low  subsidence  rate  of  nearly  3  mm/year  because  of  no 
significant  gain  in  elevation  over  a  2-year  period. 

Significant  rates  of  shallow  subsidence  indicate  that,  for 
some  marshes,  measures  of  total  subsidence  based  on  tide 
gauge  records  are  underestimated  by  the  amount  of  shal¬ 
low  subsidence  occurring  at  depths  between  the  tide  gauge 
base  and  the  marsh  surface  (Gaboon  et  al.  1995a).  For  ex¬ 
ample,  at  Bayou  Ghitigue,  where  the  marsh  is  rapidly  dete¬ 
riorating,  the  actual  rate  of  relative  sea-level  rise  (RSLR)  is 
likely  greater  than  3  cm/year  (RSLR  =  2.39  cm/year  [shal¬ 
low  subsidence]  +  1.38  cm/year  [RSLR  from  tide  gauge]  = 
3.77  cm/year). 

Elevation  Deficits 

Significant  rates  of  shallow  subsidence  also  indicate  that 
the  potential  for  submergence  of  some  coastal  marshes  is 
best  determined  by  calculating  elevation  deficits  rather  than 
accretion  deficits.  Accretion  and  elevation  deficits  are 
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Table  3-1 .  Accretion,  elevation,  and  shallow  subsidence  rates  for  selected  coastal  marshes  in  the  United  States. 


Site 

Dominant  vegetation 

Vertical 

accretion^ 

Change  in 
elevation^ 

Shallow 

subsidence” 

Length  of 
record  (year) 

U.  S.  Southeastern  coast 

Bayou  Chitigue 

Spartina  alterniflora 

2.67  ±  0.20** 

0.28  ±0.11 

2.39** 

3.0 

Old  Oyster  Bayou 

Spartina  alterniflora 

0.95  +  0.19** 

0.77  ±  0.24* 

ns 

3.0 

Rookery  Bay 

fringe  forest 

Rhizophora  mangle 

0.72  ±  0.02** 

0.14  ±0.05* 

0.58** 

2.5 

basin  forest 

Avicennia  germinans 

0.60  ±  0.05** 

0.37  ±0.12* 

ns 

2.5 

exposed  island 

Rhizophora  mangle 

0.63  ±0.12** 

0.25  ±  0.09* 

0.38* 

2.0 

protected  island 

Rhizophora  mangle 

0.44  +  0.03** 

0.06  ±0.11 

0.38** 

2.0 

Cedar  Island 

Juncus  roemerianus 

0.37  ±  0.03** 

0.08  ±  0.08 

0.29** 

3.5 

St.  Marks 

Juncus  roemerianus 

0.46  ±  0.04** 

0.19  ±0.11 

0.27* 

3.0 

McFaddin  NWR 

Spartina  patens 

1.11  ±0.04** 

1.26  ±0.51 

ns 

2.0 

Three  Bayous 

Spartina  patens 

0.78  ±  0.15** 

1.49  ±0.38* 

ns 

2.0 

U,  S.  Pacific  coast 

Tijuana  Estuary 

low  marsh 

Spartina  follosa 

1 .31  ±  0.20** 

1 .96  ±  0.36** 

ns 

2.5 

high  marsh 

Salicornia  subterminalis 

0.15  ±0.01** 

-0.13  ±0.11 

0.28* 

2.0 

®  Vertical  accretion  and  elevation  change  data  are  means  ±  1  SE;  units  are  cm/year.  Means  were  calculated  from  regression  analysis,  and  those  rates 
which  are  significantly  different  from  zero  are  indicated  by  an  asterisk  (5%  =  *;  1%  =  **)■ 

"  Shallow  subsidence  =  (vertical  accretion  -  elevation  change).  Shallow  subsidence  was  calculated  only  for  those  sites  where  the  mean  vertical 
accretion  and  elevation  change  rates  were  significantly  different  (5%  =  *;  1%  =  **). 
ns  Indicates  no  significant  difference  between  the  rates  of  vertical  accretion  and  elevation  change. 


calculated  by  comparing  accretion  and  elevation  rates  with 
sea-level  rise  (Fig.  3-4).  For  example,  data  from  Bayou 
Chitigue  show  how  misleading  accretion  measures  can  be 
when  used  as  a  measurement  of  elevation  increase  (Fig.  3- 
4a).  The  accretion  data  indicate  there  is  no  deficit  relative 
to  sea  level;  indeed,  there  is  an  accretion  surplus.  Yet  a 
significant  elevation  deficit  exists.  In  contrast,  there  is  no 
accretion  or  elevation  deficit  at  Old  Oyster  Bayou,  where 
the  marsh  surface  is  in  equilibrium  with  local  relative  sea- 
level  rise;  the  marsh  is  not  deteriorating,  and  the  vegeta¬ 
tion  is  healthy  (Gaboon  et  al.  1995a). 

A  significant  rate  of  shallow  subsidence  does  not  auto¬ 
matically  mean  that  an  elevation  deficit  exists  relative  to 
sea  level.  Both  black  needlerush  high  salt  marsh  sites  (Ce¬ 
dar  Island  and  St.  Marks)  were  in  equilibrium  with  current 
rates  of  rise  in  sea  level,  and  these  marshes  can  be  consid¬ 
ered  stable  (Fig.  3-4b),  despite  significant  shallow  subsid¬ 
ence.  Similarly,  in  the  mangroves  of  south  Florida,  where 
sea-level  rise  estimates  range  from  2-4  mm/year  (Maul  and 


Martin  1993;  Wanless  et  al.  1994),  three  of  the  four  sites 
were  in  equilibrium  with  the  lower  estimate  of  sea-level  rise 
despite  significantly  smaller  gains  in  elevation  (compared 
to  accretion)  at  three  of  the  sites  (Fig.  3-4c).  Only  the  lee¬ 
ward  island  experienced  an  elevation  deficit.  Using  the 
higher  estimate  of  sea-level  rise,  both  the  leeward  island 
and  the  fringe  forest  experienced  a  serious  elevation  defi¬ 
cit.  Note,  however,  that  none  of  the  mangrove  sites  experi¬ 
enced  an  accretion  deficit  under  the  highest  estimate  of 
sea-level  rise,  again  indicating  how  misleading  accretion 
deficit  data  can  be. 

The  infrequently  flooded  high  marsh  at  Tijuana  Slough, 
where  there  was  significant  shallow  subsidence,  experi¬ 
enced  a  significant  elevation  deficit  (Fig.  3-4b).  In  the  low 
marsh  at  Tijuana  Slough,  however,  there  was  no  accretion 
or  elevation  deficit  (Fig.  3-4a)  because  a  major  winter  storm 
in  1993  deposited  about  32,000  metric  tons  of  sediment, 
primarily  in  the  low  marsh  (Gaboon  et  al.  1996a).  This  pulse 
of  sediment  ended  nine  years  of  drought,  during  which 
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Figure  3-4.  Relationship  of  verticai  accretion  and  marsh  surface  elevation  change  with  local  relative  sea-level  rise 
for  sites  located  in  (a)  low  salt  marsh,  (b)  high  salt  marsh,  (c)  mangrove  forest,  and  (d)  brackish  marsh.  Diagonal  line 
indicates  parity  between  accretion  or  elevation  change  and  sea-level  rise.  Sea-level  rise  rates  are  from  Stevenson  et 
al.  (1986)  (North  Carolina,  northern  Florida,  and  Texas),  Baumann  et  al.  (1984)  (Old  Oyster  Bayou),  Nyman  et  al. 
(1993)  (Bayou  Chitigue),  Wanless  et  al.  (1994)  and  Maul  and  Marlin  (1993)  (southern  Florida),  and  Roemmich 
(1992)  (Tijuana  Estuary). 


time  little  or  no  sediment  deposition  occurred  because  of 
very  limited  river  flow.  There  has  been  little  sediment  depo¬ 
sition  since  the  storm.  Finally,  the  brackish  marshes  on  the 
northern  Gulf  of  Mexico  coast  did  not  experience  either 
shallow  subsidence  or  an  elevation  deficit  (Fig.  3-4d). 

Processes  Influencing  Elevation  Change 

Significant  rates  of  shallow  subsidence  indicate  that  sub¬ 
surface  processes  can  exert  as  strong,  or  stronger,  an  influ¬ 
ence  on  marsh  surface  elevation  as  surficial  processes  of 
sediment  deposition  and  erosion.  Within-site  comparisons 
of  seasonal  patterns  (every  6  months)  in  vertical  accretion 
and  elevation  change  suggested  that  changes  in  marsh  sur¬ 
face  elevation  are  related  to  aperiodic  soil  compaction  as¬ 
sociated  with  hurricanes  and  to  the  changes  in  soil  volume 
associated  with  (a)  seasonal  belowground  plant  produc¬ 
tion  and  decomposition  cycles  and  (b)  water  storage  as 
influenced  by  seasonal  variations  in  local  tide  range  and 
sea  level.  Hence,  the  controlling  process  is  site  specific 
and  depends  on  the  environmental  setting  and  type  of 


marsh  substrate  (e.g.,  organic  vs.  mineral  soil).  Marshes 
with  highly  organic  or  unstable  substrates  were  most  likely 
to  exhibit  shallow  subsidence. 

Shallow  subsidence  at  two  sites  was  apparently  related 
to  compaction  of  shallow  sediments  (<5  m)  during  passage 
of  a  major  hurricane,  with  the  degree  of  compaction  related 
to  stability  of  the  substrate.  For  example,  in  1992,  Hurri¬ 
cane  Andrew  deposited  2-3  cm  of  material  in  the  smooth 
cordgrass  {Spartina  alterniflora)  salt  marshes  at  Bayou 
Chitigue  and  Old  Oyster  Bayou  in  the  Mississippi  River 
delta  in  Louisiana  (Cahoon  et  al.  1995b).  Bayou  Chitigue 
has  a  weak,  deteriorating  mineral  soil  caused  by  stress  to 
the  vegetation  (Day  et  al.  1994).  This  marsh  experienced  a 
loss  in  elevation  despite  storm-related  sediment  accretion, 
apparently  as  a  result  of  sediment  overburden  and/or  storm 
surge  impacts  (Fig.  3-5 a).  The  loss  of  elevation  persisted 
over  the  next  2.5  years,  suggesting  it  was  caused  by  re¬ 
duced  soil  porosity  and  compaction  of  organic  matter.  Old 
Oyster  Bayou  has  a  healthy,  vigorous  vegetative  cover  and 
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plain  of  Louisiana.  Separation  between  the  two  lines  represents  shallow  subsidence. 


stable  soil  substrate  and  experienced  no  loss  of  elevation 
(Fig.  3-5b).  A  similar  loss  of  elevation  related  to  passage 
of  a  hurricane  was  observed  at  the  black  needlerush  marsh 
in  North  Carolina  (Cedar  Island  NWR),  which  has  a  highly 
organic  substrate  (>60%  by  weight)  (Fig.  3-6a).  Three  dif¬ 
ferent  hurricanes  impacted  this  site,  and  each  time  there 
was  a  loss  of  elevation,  even  if  sediment  was  deposited. 
The  elevation  loss  was  apparently  related  to  compaction 
of  organic  matter  and/or  degassing  of  the  substrate.  After 


the  second  hurricane,  the  marsh  surface  apparently  re¬ 
bounded,  only  to  be  compressed  again  by  the  third  storm. 
These  results  suggest  that  some  marshes  with  highly  or¬ 
ganic  substrates  are  being  aperiodically  compacted  by 
major  storms. 

At  the  high  salt  marsh  dominated  by  black  needlerush 
in  northern  Florida  (St.  Marks  NWR),  there  was  no  dis¬ 
cernible  relationship  between  the  patterns  of  vertical  ac¬ 
cretion  and  surface  elevation  change  (Fig.  3-6b),  indicating 


Figure  3-6.  Marsh  surface  elevation  change  and  vertical  accretion  at  (a)  Cedar  Island  on  the  southeast  Atlantic  coast  and  (b)  St.  Marks 
on  the  northern  gulf  coast  of  Florida. 
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that  elevation  is  controlled  by  subsurface  processes  rather 
than  the  surficial  processes  which  influence  accretion.  The 
changes  in  elevation  were  likely  not  related  to  daily  tidal 
flooding  and  associated  water  storage,  as  has  been  re¬ 
ported  for  low  salt  marshes  in  New  England  (Nuttle  et  al. 
1990),  because  surface  elevation  did  not  change  over  a 
single  tidal  cycle  when  the  ground  water  level  varied  from 
greater  than  33  cm  below  the  soil  surface  to  6  cm  above  it 
(Gaboon  et  al.  1995a).  Two  possible  explanations  for  this 
pattern  are  seasonal  changes  in  soil  water  storage  and 
changes  in  the  volume  of  the  root  zone  related  to  a  sea¬ 
sonal  pattern  of  plant  production  (summer)  and  decompo¬ 
sition  (winter)  (Gaboon  et  al.  1995a). 

The  seasonal  trend  in  elevation  could  be  caused  by 
changes  in  water  storage  directly  related  to  the  seasonal 
variation  in  Gulf  of  Mexico  mean  water  level  and/or  an 
increase  in  depth  of  water  flooding  the  marsh  at  high  tide. 
Mean  water  level  in  the  northern  Gulf  of  Mexico  averages 
25  cm  higher  in  summer  (Manner  1954),  and  there  was  a 
12-cm  difference  in  mean  daily  tide  range  between  sum¬ 
mer  (88.7  cm)  and  winter  (76.4  cm)  measured  by  a  water 
level  gauge  at  the  site  (Reed  et  al.  1995).  Alternatively,  the 
seasonal  variations  in  water  levels  may  influence  plant  pro¬ 
duction  and  belowground  decomposition  processes.  In¬ 
creased  daily  tidal  range  during  the  summer  creates  more 
oxidized  substrate  conditions  which  are  well  suited  for  plant 
production  (Steever  et  al.  1976;  Howes  et  al.  1986).  In 
addition,  evapotranspiration  during  periods  of  active  pho¬ 
tosynthesis  in  salt  marsh  plants  can  remove  significant 
amounts  of  water  from  the  soil  (Dacey  and  Howes  1984; 
Morris  and  Whiting  1985).  During  the  winter,  aerobic  plant 
decomposition  processes  are  enhanced  by  lower  mean 


water  levels  and  plant  senescence  and  death  (Hackney  and 
de  la  Gruz  1980).  The  combined  influence  of  seasonal  varia¬ 
tions  in  both  water  level  and  plant  production  and  decom¬ 
position  may  be  responsible  for  the  pattern  of  elevation 
change  shown  in  Fig.  3-6b.  In  contrast,  the  seasonal  trend 
was  not  observed  in  the  black  needlerush  marsh  at  Gedar 
Island  because  there  was  no  strong  seasonal  pattern  in  daily 
tidal  range  (16.8  cm  in  summer  versus  24.1  cm  in  winter) 
and  Gedar  Island  marsh  is  irregularly  flooded,  wind-domi¬ 
nated,  and  characterized  by  long,  shallow  flooding  events 
(average  flooding  event  is  47  h  long  and  13.7  cm  deep  [mean 
maximum  depth]  versus  3.5  h  and  16.9  cm  deep  [mean  maxi¬ 
mum  depth]  at  St.  Marks;  Reed  et  al.  1995).  Finally,  the 
data  were  inconclusive  regarding  the  potential  influence  of 
major  storms  on  elevation  at  St.  Marks.  Major  storms  may 
have  increased  elevation  in  October  1992  and  July  1994 
through  water  storage,  but  Hurricane  Allison  had  no  effect 
on  elevation  in  June  1995. 

In  the  mangroves  of  Rookery  Bay,  which  occupy  an  eco¬ 
logical  niche  similar  to  the  salt  marshes  at  St.  Marks,  el¬ 
evation  change  closely  followed  accretion  in  the  basin  for¬ 
est  (Fig.  3-7)  but  lagged  behind  accretion  in  the  fringe  (Fig. 
3-7)  and  overwash  island  (Fig.  3-8)  forests  because  of  the 
influence  of  subsurface  processes.  The  basin  forest  was 
located  inland  of  the  fringe  forest  and  therefore  was  hy- 
drologically  remote.  The  soil  of  the  basin  forest  was  highly 
organic  (58%  organic  content)  since  much  of  the  vertical 
accretion  was  due  to  accumulation  of  leaf  litter.  In  con¬ 
trast,  soils  of  the  fringe  forest  were  highly  mineral  (8%  or¬ 
ganic  matter)  and  were  exposed  to  continuous  wave  and 
tidal  action.  Gonsequently,  the  soil  surface  was  a  mosaic  of 
small  patches  (<0.5  m^)  of  mud  and  bare  shell. 


Figure  3-7.  Marsh  surface  elevation  change  and  vertical  accretion  at  (a)  the  fringe  mangrove  forest  and  (b)  the  basin  mangrove  forest 
at  Rookery  Bay,  Florida. 
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In  the  fringe  forest,  vertical  accretion  occurred  wher¬ 
ever  the  loose,  fine-grained  mud  was  bound  in  place  by 
filamentous  algae.  There  were  some  bare  shell  patches 
where  fine-grained  mineral  sediments  did  not  accumulate 
because  of  wave  action,  although  shells  may  continue  to 
accumulate  at  this  site.  Since  the  marker  horizon  technique 
had  an  inherent  bias  toward  measuring  accreting  surfaces 
to  the  exclusion  of  eroding  surfaces  (because  those  mark¬ 
ers  are  lost),  it  likely  overestimated  accretion  rates  in  the 
fringe  forest.  Erosion  of  the  marker  horizons  occurred  con¬ 
tinuously  over  time,  with  only  50%  of  the  markers  remain¬ 
ing  after  18  months  and  only  1  out  of  21  remaining  after 
30  months.  Hence,  the  slope  of  the  accretion  graph  (Fig. 
3-7)  represents  a  maximum  rate  of  accretion.  On  the  other 
hand,  the  SET  was  equally  likely  to  measure  an  eroding  or 
an  accreting  surface  and  therefore  provided  a  better  esti¬ 
mate  of  overall  surface  elevation  change.  The  difference 
between  accretion  and  elevation  (Fig.  3-7)  was  likely  over¬ 
estimated  because  of  the  bias  of  the  accretion  technique. 
The  impact  of  erosion  on  elevation  change  was  deduced 
by  comparing  the  rate  of  shallow  subsidence  during  the 
first  12  months,  when  erosion  was  low  (Fig.  3-7),  to  the 
2.5-year  rate.  The  rate  of  shallow  subsidence  for  the  first 
year  was  0.43  cm  y\  indicating  that  erosion  caused  the 
remaining  1.5  cm  loss  in  elevation  (Table  3-1).  Hence, 
most  of  the  difference  between  accretion  and  elevation  was 
^parently  related  to  subsurface  processes  rather  than  erosion. 

Two  mangrove  islands  dominated  by  red  mangrove 
(Rhizophora  mangle),  one  exposed  to  wave  fetch  along 
most  of  the  length  of  Rookery  Bay  and  the  other  protected 
from  wave  action  in  the  lee  of  a  larger  island,  had  sub¬ 
strates  regularly  washed  by  tides  and  firmly  bound  by  fine 
roots  (41%  organic  matter).  The  protected  island  had  a 


very  flat  topography  and  had  no  significant  gain  in  eleva¬ 
tion  despite  continuous  accretion  (100%  of  the  markers 
recovered).  The  vertical  buildup  of  the  soil  was  apparently 
counterbalanced  by  compaction  and  decomposition  of  or¬ 
ganic  matter  (i.e.,  shallow  subsidence;  Fig.  3-8).  The  ex¬ 
posed  island  had  a  raised  berm  on  its  windward  shore,  and 
there  was  greater  variation  in  the  accretion  data  compared 
to  the  protected  island.  This  greater  variability,  considered 
with  the  significant  gain  in  elevation,  suggests  that  there 
may  be  a  closer  relationship  between  accretion  and  eleva¬ 
tion  for  this  site  than  our  calculated  rate  of  shallow  subsid¬ 
ence  would  indicate. 

In  the  high  marsh  at  Tijuana  Estuary,  the  substrate  con¬ 
sisted  primarily  of  coarse-grained  sediments  (i.e.,  sand)  with 
only  shallow  peat  development  (Gaboon  et  al.  1996a).  This 
site  received  little  influx  of  mineral  sediments  even  during 
the  major  flood  which  occurred  at  the  beginning  of  the  study 
(Fig.  3-9a).  There  was  a  small  but  significant  elevation  gain 
during  the  sampling  interval  which  included  the  storm,  fol¬ 
lowed  by  a  significant  and  steady  decline.  We  hypothesize 
that  two  months  of  freshwater  river  flows  reduced  the  sa¬ 
linity  impacts  of  daily  tides  and  temporarily  improved 
growth  conditions  in  this  sandy  soil  (i.e.,  reduced  high  soil 
salinities  related  to  nine  years  of  drought),  which  resulted 
in  a  short-term  increase  in  belowground  plant  growth 
(Zedler  et  al.  1986)  and  a  gain  in  elevation.  When  drought 
conditions  returned,  production  of  belowground  plant  ma¬ 
terial  declined  because  of  salt  stress  (Zedler  et  al.  1986) 
which  resulted  in  a  loss  of  elevation.  In  contrast,  there  was 
no  shallow  subsidence  in  the  low  marsh  at  Tijuana  Estu¬ 
ary. 

The  rates  of  vertical  accretion  and  elevation  change  were 
the  same  in  the  two  brackish  marshes,  yet  the  data  from 


Figure  3-8.  Marsh  surface  elevation  change  and  vertical  accretion  at  (a)  the  exposed  island  and  (b)  the  protected  island  at  Rookery 
Bay,  Florida. 
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Figure  3-9.  Marsh  surface  elevation  change  and  vertical  accretion  for  (a)  the  high  marsh  at  Tijuana  Estuary,  California,  and  (b)  the 
brackish  Spartina  patens  marsh  at  McFaddin  NWR  on  the  upper  Texas  coast. 


McFaddin  NWR  suggest  that  the  management  practice  of 
burning  the  marsh  may  have  influenced  marsh  elevation.  A 
dramatic  increase  in  elevation  relative  to  accretion  occurred 
during  the  first  sampling  interval,  during  which  time  the 
marsh  had  been  burned  (Fig.  3“9b).  The  rate  of  elevation 
change  subsequently  decreased  until  it  was  equal  to  the 
rate  of  accretion.  The  difference  may  have  been  related  to 
a  misinterpretation  of  the  marsh  surface  because  of  accu¬ 
mulation  of  burned  litter,  or  caused  by  an  increase  in  soil 
volume  associated  with  the  rapid  mineralization  of  nutri¬ 
ents  and  the  resulting  increase  in  growth  of  belowground 
plant  parts. 

Role  of  Hydroperiod  in  Vertical  Accretion  and 
Elevation  Change 

There  was  no  significant  relationship,  either  positive  or 
negative,  between  vertical  accretion  and  hydroperiod  pa¬ 
rameters  (mean  duration  of  flooding  and  mean  maximum 
depth  of  flooding).  Sites  with  higher  duration  of  tidal  flood¬ 
ing  did  not  show  increased  vertical  accretion,  and  the  high¬ 
est  rates  of  accretion  were  at  sites  with  relatively  low  dura¬ 
tion  of  flooding.  This  pattern  is  in  contrast  to  that  reported 
by  Gaboon  and  Reed  (1995)  for  a  single  marsh  in  south 
Louisiana  where  there  was  an  increase  in  accretion  with 
increased  flooding  duration.  The  present  analysis  compares 
sites  across  the  southeastern  United  States  and  across  dif¬ 
ferent  marsh  types.  The  sites  with  highest  durations  of  flood¬ 
ing  but  only  moderate  levels  of  accretion  were  in  brackish 
marshes  (Three  Bayous  and  McFaddin  NWR)  which  are 
far  from  ready  sources  of  sediment  supply.  Three  Bayous 
is  located  in  middle  Barataria  Basin,  where  there  is  no  di¬ 
rect  input  of  fluvial  sediment.  This  marsh  is  also  far  from 
the  bays  in  the  southern  part  of  the  basin,  a  source  of 


sediments  remobilized  by  storms  (Reed  1989).  Supplies  of 
sediment  to  McFaddin  NWR  are  probably  dominated  by 
rainfall  input  within  the  Sabine-Neches  system,  and  peri¬ 
ods  of  high  coastal  water  levels  will  not  always  coincide 
with  periods  of  sediment  supply.  In  contrast,  the  site  with 
highest  accretion,  Bayou  Chitigue,  is  located  close  to  an 
open  bay  area  where  the  same  events  which  flood  the  marsh 
surface  may  also  introduce  sediments  (Reed  1989).  These 
ideas  are  confirmed  by  an  examination  of  vertical  accretion 
versus  mean  maximal  depth  of  flooding.  Bayou  Chitigue 
had  relatively  deep  flooding  and  was  supplied  with  sedi¬ 
ment,  which  raised  accretion  rates.  However,  events  which 
resulted  in  deep  flooding  at  the  other  sites  did  not  neces¬ 
sarily  introduce  sediments,  as  reflected  by  moderate  levels 
of  accretion. 

Like  vertical  accretion,  there  was  no  significant  rela¬ 
tionship  between  elevation  change  and  any  of  the  hydro- 
logic  variables.  These  hydrologic  analyses  provide  further 
confirmation  that  site-specific  factors  such  as  geomorphol¬ 
ogy,  marsh  type,  sediment  supply,  and  storm  frequency 
strongly  influence  vertical  accretion  and  likely  control 
elevation  change  through  both  surface  and  subsurface 
processes. 

Landward  Migration  of  the  Marsh 
Surface 

As  sea  level  rises,  marshes,  like  barrier  islands  and  other 
coastal  environments,  move  landward  up  the  coastal  plain. 
While  this  fact  has  been  generally  recognized,  there  has 
been  little  attempt  to  characterize,  model,  or  document  the 
landward  movement  of  the  boundary  between  upland  and 
marsh.  In  order  to  thoroughly  understand  the  system- wide 
response  of  coastal  wetlands  to  rising  sea  levels,  and  in 
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order  to  make  reasonable  predictions  about  the  future  of 
modem  coastal  wetlands,  we  must  have  a  detailed  under¬ 
standing  of  the  nature  of  marsh  transgression,  as  well  as  of 
marsh  accretion,  erosion,  and  drowning. 

The  slope  of  the  adjacent  upland  and  the  rates  of  sea- 
level  rise  and  sedimentation  are  key  factors  in  controlling 
coastal  wetland  transgression  (migration  of  wetlands  onto 
adjacent  uplands).  If  horizontal  migration  of  a  coastal  wet¬ 
land  is  impeded  by  the  steepness  of  the  slope  of  adjacent 
uplands  or  by  a  barrier  to  marsh  transgression  (such  as  a 
sea  wall  or  building),  then  the  coastal  wetiand  may  become 
submerged.  If  the  slope  of  the  adjacent  upland  is  gradual, 
then  wetland  expansion  is  possible.  Although  both  re¬ 
sponses  of  coastal  marshes  to  sea-level  rise  have  been  ob¬ 
served,  we  know  very  little  about  the  mechanism  of  marsh 
transgression.  Are  slope,  the  rate  of  sea-level  rise,  and  ac¬ 
cretion  the  only  variables  that  need  be  considered  for  short¬ 
term  prediction?  To  answer  this  question,  a  model  for  marsh 
transgression  was  developed  based  on  a  detailed,  2,000- 
year  record  of  marsh  edge  movement  from  eastern  North 
Carohna  (Young  1995). 

Experimental  Approach 

The  investigative  approach  to  studying  past  marsh  trans¬ 
gression  is  straightforward.  By  identifying  and  dating  the 
base  of  the  modem  marsh  sediments  in  a  core  sample,  we 
can  determine  the  time  at  which  marsh  peat  formation  first 
began  at  the  site  where  the  core  was  taken.  Thus,  we  can 
identify  the  time  when  the  landward-moving  boundary  be¬ 
tween  the  upland  and  the  marsh  reached  the  location  of  the 
particular  core,  although  the  marsh  surface  would  have  been 
at  a  shghtly  lower  elevation.  Therefore,  in  order  to  recon- 
stmct  the  transgression  of  the  marsh  edge  at  a  particular 
site,  one  can  date  the  base  of  the  marsh  sediments  in  a 
transect  of  cores  extending  from  the  center  of  the  marsh 
into  the  transition  zone.  By  dating  the  base  of  the  marsh  in 
each  core  in  the  transect,  the  landward  migration  of  the 
wetland  margin  can  be  observed,  and  the  rate  and  nature 
of  the  marsh  edge  versus  movement  up  the  transgression 
surface  (the  basal  unconformity)  can  be  determined.  Two 
marshes  located  on  Pamlico  Sound  in  coastal  North 
Carolina,  at  Cedar  Island  NWR  and  Long  Shoal  River, 
were  selected  for  study  because  (1)  there  was  evidence 
of  marsh  transgression  (i.e.,  dead  trees  standing  in  the 
marsh),  and  (2)  there  were  no  tidal  creeks  in  the  irregu¬ 
larly  flooded,  low  energy  marsh  systems,  hence  inter¬ 
pretation  of  the  cores  would  not  be  confounded  by  ero- 
sional  unconformities  caused  by  channel  migration. 

The  Process  of  Marsh  Transgression 

An  initial  assumption  in  this  study  was  that  a  rate  for  the 
gradual,  landward  movement  of  the  upland/marsh  bound¬ 
ary  under  a  regime  of  rising  sea  level  could  be  established 
for  use  in  short-term  marsh  management.  However,  Fig.  3- 
10  illustrates  that  the  marsh  edge  transgressions  in  both 


the  Cedar  Island  and  Long  Shoal  River  sites  were  neither 
gradual  nor  constant.  The  ages  of  the  base  of  the  marsh  sedi¬ 
ments  are  grouped.  Two  or  three  consecutive  cores  along 
the  transect  have  essentially  the  same  basal  peat  age,  fol¬ 
lowed  by  another  set  of  cores  with  a  much  younger  age. 
This  pattern  continues  along  the  transect  in  both  sites  up  to 
the  modem  upland/marsh  boundary.  If  the  basal  peat  dates 
indicate  marsh  initiation  at  each  point  along  the  transect,  it 
is  apparent  that  the  marsh  edge  is  moving  landward  in  a 
series  of  relatively  rapid  jumps.  These  transgression  events 
are  separated  by  longer  periods  of  relatively  littie  marsh 
edge  movement.  Transgression  events  have  occurred  about 
every  300-350  years  at  both  sites,  and  the  magnitude  of 
the  jumps  varies  from  two-  to  threefold. 

A  model  of  punctuated  marsh  transgression  has  been 
developed  to  explain  these  observations  (Fig.  3-11).  It  is 
unlikely  that  the  transgression  events  are  initiated  directly 
by  rapid,  local  relative  sea-level  rise  because  the  events 
are  not  synchronous  between  the  two  sites.  Rather,  the  trans¬ 
gression  events  are  likely  generated  by  disturbance  of  the 
upland  vegetation,  such  as  by  major  storms  (e.g.,  hurri¬ 
canes  or  fires),  which  allows  the  marsh  to  leap  forward.  It 
is  important  to  keep  in  mind  that  although  disturbance  of 
upland  vegetation  is  the  likely  mechanism  that  allows  trans¬ 
gression  to  occur  in  this  model,  sea-level  rise  is  still  the 
driving  force  behind  the  transgression.  Based  on  this  model, 
the  process  of  marsh  transgression  can  be  described  as  fol¬ 
lows:  (a)  upland  vegetation  delays  the  advance  of  the  marsh 
margin,  even  as  sea  level  continues  to  rise;  (b)  a  distur¬ 
bance  impacts  the  upland  vegetation,  thus  allowing  the 
marsh  margin  to  jump  forward  and  strive  for  a  new  equi¬ 
librium  position  with  the  temporal  position  of  sea  level; 
and  (c)  following  the  transgression  event,  the  marsh  edge 
will  move  very  little  until  the  next  disturbance. 

Conclusions 

Subsurface  processes  occurring  in  the  top  few  meters 
of  the  soil  were  at  least  as  important  in  determining  marsh 
elevation  than  surface  accretionary  processes  for  some 
marshes.  Elevation  gain  lagged  behind  vertical  accretion 
at  7  of  the  12  marshes  we  studied,  indicating  that  subsur¬ 
face  processes  occurring  in  the  top  few  meters  of  the  soil 
exerted  more  control  over  elevation  than  accretion.  Four 
of  these  seven  sites  experienced  a  significant  elevation  defi¬ 
cit  (elevation  minus  relative  sea-level  rise),  but  none  of  the 
four  sites  experienced  a  significant  accretion  deficit  (ac¬ 
cretion  minus  relative  sea-level  rise),  indicating  how  mis¬ 
leading  accretion  data  can  be  when  evaluating  the  potential 
for  submergence  of  coastal  wetlands.  Examples  of  subsur¬ 
face  processes  that  can  influence  elevation  include  com¬ 
paction,  plant  growth  and  decomposition,  and  shrink-swell 
of  the  soil  related  to  water  storage.  The  term  “shal¬ 
low  subsidence”  is  used  to  describe  the  collective  effect  of 
these  processes  on  marsh  surface  elevation.  Some  of  the 
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Figure  3-10.  Diagram  of  punctuated  marsh  transgression  event  at  Long  Shoal  River  (top)  and  Cedar  Island 
(bottom),  North  Carolina. 
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Figure  3-11.  Diagram  of  the  conceptual  model  for  punctuated 
marsh  transgression.  TE  =  transgression  event. 


forces  driving  shallow  subsidence  apparently  included  sea¬ 
sonal  changes  in  water  levels  and  aperiodic  occurrences  of 
major  storms.  Hence,  the  controlling  process  for  marsh  el¬ 
evation  was  site  specific  and  depended  on  the  environmental 
setting.  Marshes  with  highly  organic  or  unstable  substrates 
were  most  likely  to  exhibit  shallow  subsidence. 

Marsh  transgression  was  an  episodic  process  that  was 
driven  not  only  by  sea-level  rise  but  also  local 


environmental  conditions.  Transgression  of  two  marshes 
on  Pamlico  Sound,  North  Carolina,  appears  to  have  oc¬ 
curred  through  a  process  of  punctuated  events  which  were 
controlled  by  the  biologic  system  (i.e.,  the  biologic  system 
influences  geologic  change),  and  therefore  landward  mi¬ 
gration  of  the  marsh  was  only  indirectly  linked  to  the  rate 
of  sea-level  rise.  The  apparent  trigger  for  a  transgression 
event  was  a  disturbance  of  the  upland  vegetation,  such  as  a 
major  storm  event. 

Management  Implications 

The  potential  for  submergence  of  some  coastal  marshes 
is  best  determined  by  calculating  elevation  deficits  rather 
than  accretion  deficits.  The  possible  occurrence  of  shal¬ 
low  subsidence  in  a  marsh  system  means  that  marsh  man¬ 
agers  should  be  calculating  elevation  deficits  rather  than 
accretion  deficits  when  determining  the  potential  for  sub¬ 
mergence  of  a  marsh.  The  implication  of  these  findings  is 
that  the  potential  for  coastal  marsh  submergence  is  being 
underestimated  for  some  marshes,  especially  in  the  Mis¬ 
sissippi  delta. 

Measures  of  total  subsidence  based  on  tide  gauge 
records  are  underestimated  by  the  amount  of  shallow  sub¬ 
sidence. 

Short-term  rates  of  marsh  transgression  may  be  mean¬ 
ingless  and  may  not  be  useful  tools  to  predict  wetland 
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habitat  change.  If  marsh  transgression  is  an  episodic  pro¬ 
cess  driven  by  infrequent  events  rather  than  a  continuous, 
gradual  process,  then  estimates  of  short-term  rates  (<100 
years)  may  be  meaningless  as  a  predictive  tool.  The  appli¬ 
cability  of  this  finding  to  marsh  systems  outside  Pamlico 
Sound,  however,  is  not  known.  Nevertheless,  a  possible 
management  recommendation  for  marshes  in  Pamlico 
Sound  which  are  about  to  become  submerged  would  be  to 
artificially  release  the  transgression  potential  at  the  upland/ 
marsh  boundary  (i.e.,  artificially  create  a  disturbance)  and 
allow  the  marsh  to  move  landward  before  it  becomes 
submerged. 

Predicting  the  vertical  buildup  and  migration  of  coastal 
wetlands  in  response  to  sea-level  rise  requires  site- 
specific  information.  Given  the  apparent  differences  in  pro¬ 
cesses  and  driving  forces  influencing  marsh  elevation  over 
the  range  of  sites  we  studied,  it  is  clearly  not  appropriate  to 
extrapolate  findings  to  other  sites.  Consequently,  several 
issues  become  of  critical  concern  to  marsh  managers,  in¬ 
cluding  the  rate  of  elevation  change  and  shallow  subsid¬ 
ence,  the  critical  processes  driving  marsh  elevation  change, 
and  current  management  practices  which  enhance  marsh 
elevation  change.  Managers  must  also  consider  how  cur¬ 
rent  management  practices  influence  the  potential  for  sub¬ 
mergence  of  a  marsh;  whether  transgression  of  the  marsh  is 
occurring,  and  if  so,  if  it  occurs  through  a  series  of  punctu¬ 
ated  events  or  a  gradual  process;  and  how  he/she  can  facili¬ 
tate  marsh  transgression.  We  recommend  that  marsh  man¬ 
agers  employ  management  techniques  that  will  enhance 
marsh  elevation  and  minimize  the  potential  for  marsh 
submergence. 

Future  Research 

The  findings  from  this  study  indicate  that  we  need  to 
understand  more  about  the  interactions  among  vegetation, 
soil,  and  hydrologic  processes  as  they  relate  to  soil  eleva¬ 
tion  in  marshes  and  mangrove  forests.  Specifically,  we  need 
information  on  (1)  shallow  subsidence  at  additional  envi¬ 
ronmental  settings,  (2)  the  critical  processes  controlling 
elevation  in  each  environmental  setting  and  site,  (3)  the 
natural  forces  driving  those  processes,  and  (4)  the  influ¬ 
ence  of  management  processes  on  shallow  subsidence, 
marsh  transgression,  and  the  potential  for  marsh 
submergence. 

Additional  Environmental  Settings 

The  site-specific  nature  of  the  relationship  between  ac¬ 
cretion  and  elevation  change,  and  the  driving  forces  af¬ 
fecting  that  relationship,  indicate  that  it  is  not  appropriate 
to  extrapolate  findings  of  our  study  to  other  sites.  The  12 
sites  we  investigated  represent  a  limited  range  of  marsh 
types  (tidal  salt  and  brackish  marsh,  mangrove  forest)  and 


physiographic  settings  (deltaic  and  coastal  fringe),  all 
located  in  microtidal  settings.  Investigations  of  the  rela¬ 
tionship  between  accretion  and  elevation  need  to  be  con¬ 
ducted  in  tidal  fresh  marshes,  river-dominated  mangrove 
systems,  backbarrier  settings,  and  meso-  and  macrotidal 
wetlands,  as  well  as  in  additional  brackish  and  saline 
marshes.  We  must  establish  long-term  elevation  data  bases 
across  the  spectrum  of  federally  owned  wetlands  so  that 
we  can  assess  their  vulnerability  to  sea-level  rise  and  pro¬ 
vide  advance  warning  of  change. 

Critical  Processes  Controlling  Elevation 

Numerous  subsurface  processes  have  been  suggested 
or  identified  as  causes  of  elevation  change,  but  few  have 
been  directly  measured.  Organic  matter  content  of  the  soil, 
especially  growth  of  roots  and  rhizomes,  is  widely  con¬ 
sidered  a  primary  component  of  marsh  elevation  change. 
Separating  its  impact  from  that  of  mineral  sediment  depo¬ 
sition,  however,  has  proven  difficult.  Shrinking  and  swell¬ 
ing  of  the  soil  related  to  water  storage  has  been  shown  to 
displace  the  marsh  surface  in  some  salt  marshes.  Soil  com¬ 
paction  also  decreases  soil  elevation.  But  the  relative  con¬ 
tribution  of  plant  growth  and  decomposition,  water  stor¬ 
age,  and  compaction  to  marsh  soil  elevation  change  has 
not  been  determined. 

Natural  Driving  Forces 

Hydrologic  events  on  daily,  seasonal,  or  annual  time 
scales  can  influence  marsh  soil  elevation.  Tidal  variation 
in  water  level  has  been  shown  by  direct  observation  to  dis¬ 
place  the  soil  surface  of  some  salt  marshes.  The  influence 
of  tidal  water  levels  on  elevation  change  in  other  marsh 
types  is  not  known.  Also,  the  influence  of  seasonal  or  an¬ 
nual  variations  in  water  level  on  marsh  elevation  is  not 
known,  although  our  study  suggests  that  seasonal  water 
level  may  have  influenced  elevation  at  one  site.  The  find¬ 
ings  of  this  study  also  suggested  that  aperiodic  storms  (i.e., 
hurricane  storm  surges)  compacted  the  highly  organic  soils 
of  two  marshes.  The  long-term  imphcations  of  this  eleva¬ 
tion  loss  need  to  be  determined,  especially  if  the  frequency 
of  hurricanes  increases  because  of  global  warming  as  has 
been  predicted  (Emanuel  1987). 

Influence  of  Management  Practices 

Common  wetland  management  and  restoration  practices 
include  burning,  hydrologic  manipulations,  sediment  in¬ 
troduction  (including  dredged  material  disposal),  and  con¬ 
trolled  and  uncontrolled  river  diversions.  A  considerable 
portion  of  the  several  million  acres  of  federally  owned  wet¬ 
lands  has  been  managed  by  at  least  one  of  these  methods. 
There  are  few  data  available,  however,  on  the  impact  of 
these  management  practices  on  wetland  soil  elevation.  In 
addition,  research  is  needed  to  evaluate  the  feasibility  of 
artificially  inducing  a  marsh  transgression  event. 
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Abstract:  Sea-level  rise  is  likely  to  cause  both  direct  and  indirect  effects  on  forested  wetlands,  and  both  types  of 
potential  impacts  were  investigated.  The  direct  effects  of  increased  flood  durations  and  salinity  levels  were 
assessed  through  a  series  of  experiments  on  1 0  major  wetland  tree  and  shrub  species.  Results  of  this  work  showed 
that  certain  species  and  groups  of  species  (e.g.,  the  bottomland  oaks)  are  highly  susceptible  to  the  combination 
of  flooding  and  salinity  stress.  Other  species,  such  as  baldcypress,  are  more  tolerant,  but  they,  too,  will  not  survive 
long  in  salinity  much  greater  than  1/6  the  concentration  of  seawater.  Indirect  effects  that  were  found  to  be 
potentially  important  include  an  increase  in  the  level  of  defoliation  by  the  fruittree  leafroller,  an  insect  already 
causing  significant  damage  to  baldcypress  in  southern  Louisiana  and  a  possible  increase  in  the  distribution  and 
abundance  of  Chinese  tallow,  a  highly  invasive  exotic  tree  species  that  was  found  to  be  tolerant  to  combined 
salinity  and  flooding  stresses  during  simulated  storm  surges.  In  addition  to  providing  information  needed  for 
predicting  the  likely  impacts  of  sea-level  rise,  the  results  of  this  research  also  point  to  promising  management 
responses.  One  possibility,  for  example,  is  to  make  use  of  the  high  level  of  variation  in  salt  tolerance  found  in 
baldcypress  by  developing  planting  material  capable  of  surviving  on  sites  with  elevated  soil  salinity  levels.  Such 
an  approach,  ideally  combined  with  at  least  partial  restoration  of  original  hydrologic  regimes,  may  provide  a 
powerful  tool  for  managers  interested  in  restoration  of  degraded  coastal  wetlands. 


“Present  Address:  U.S.  Department  of  Agriculture,  Pacific  Southwest  Research  Station,  Institute  of  Pacific  Islands  Forestry,  1151  Punchbowl  St.,  Room  323, 
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Study  Areas 

Research  on  the  effects  of  global  climate  change  on 
freshwater  forested  wetlands  focused  primarily  on  the 
northern  Gulf  of  Mexico  coast.  In  this  region,  several  hun¬ 
dred  thousand  hectares  of  forested  wetlands  occur  within 
the  coastal  zone  and  at  low  elevations — often  less  than  2 
m  above  mean  sea  level  (Salinas  et  al.  1986;  DeLaune  et  al. 
1987).  Forested  wetlands  at  such  low  elevations  and  so 
close  to  the  coast  are  believed  to  be  among  those  most  at 
risk  from  short-term  changes  in  climate.  Furthermore,  many 
of  these  forests  are  already  threatened  by  factors  similar  in 
some  respects  to  those  that  may  result  from  global  change, 
such  as  alterations  in  hydrology  and  saltwater  intrusion 
(Fig.  4-1).  The  northern  gulf  coast,  and  southern  Louisiana 
in  particular,  therefore  offered  the  prospects  of  a  grand 
“natural  experiment”  on  the  potential  impacts  of  global  cli¬ 
mate  change.  Additional  work  was  carried  out  in  coastal 
South  Carolina,  where  saltwater  intrusion  is  also  a  problem 
and  major  hurricanes  may  have  profound  effects  on  coastal 
wetlands. 

Plant  Community  Types  Studied 

Wharton  et  al.  (1982)  classified  southeastern  forested 
wetlands  into  75  community  types,  including  red  maple, 
Atlantic  white  cedar,  and  cypress-tupelo  swamps;  pocosins; 
hydric  hammocks;  and  Carolina  bays.  Evaluating  the  po¬ 
tential  impacts  of  global  change  on  all  these  types  of  for¬ 
ested  wetlands  was  not  feasible.  We  decided  to  focus  most 


of  our  research  on  cypress-tupelo  swamps  because  of  their 
extent  within  the  coastal  zone,  ecological  and  economic 
importance,  and  potential  for  global  change-related  losses. 
Some  additional  work  was  carried  out  on  important  spe¬ 
cies  found  in  bottomland  hardwood  wetland  types  that  oc¬ 
cur  in  the  immediate  vicinity  of  cypress-tupelo  swamps. 

Cypress-tupelo  swamps,  which  are  dominated  by 
baldcypress  (Taxodium  distichum  var.  distichum),  water 
tupelo  (Nyssa  aquatica)  and/or  swamp  tupelo  {Nyssa 
biflora)  occur  along  nearly  all  the  major  rivers  flowing  into 
the  northern  Gulf  of  Mexico  and  along  the  Atlantic  coast 
from  Florida  to  Maryland  (Larsen  1980).  There  are  ap¬ 
proximately  650,000  ha  of  cypress-tupelo  swamps  within 
the  Coastal  Plain  Province  of  the  south-central  United  States 
(McWilliams  and  Rosson  1990)  and  at  least  160,000  ha 
within  the  coastal  zone  of  southern  Louisiana  (Salinas  et 
al.  1986). 

Cypress-tupelo  swamps  are  important  in  part  because 
they  perform  many  of  the  same  functions  as  terrestrial  for¬ 
ests,  such  as  providing  nesting  sites,  feeding  areas,  and 
travel  corridors  for  numerous  species  of  migratory  birds. 
In  southern  Louisiana,  they  are  frequently  used  as  nesting 
sites  for  colonies  of  wading  birds  (Keller  et  al.  1984)  and 
are  where  93%  of  bald  eagle  nests  were  found  in  a  survey 
(Harris  et  al.  1987).  Because  of  their  linkages  to  both  up¬ 
land  and  aquatic  habitats,  they  also  perform  functions  that 
distinguish  them  from  upland  forests,  such  as  providing 
shelter  for  juvenile  fish  and  exporting  organic  matter 


Figure  4-1.  Louisiana  gulf  coast  forests  currently  experiencing  increased  flooding  or  saltwater  intrusion  or  both. 
Source:  Modified  from  Pezeshki  et  al.  1990. 
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directly  to  adjacent  estuaries  (Wharton  et  al.  1982;  Mitsch 
and  Gosselink  1993). 

Cypress-tupelo  swamps  are  freshwater  ecosystems,  with 
salinity  levels  generally  less  than  0.5  ppt.  In  some  coastal 
swamps,  however,  changes  in  hydrology  and  sedimenta¬ 
tion  have  resulted  in  elevated  salinity  levels.  In  areas  where 
salinity  levels  remain  above  2  to  3  ppt  for  much  of  the 
growing  season,  many  trees  die  or  show  signs  of  severe 
stress  (Wicker  et  al.  1981). 

Research  Focus 

The  integrating  element  of  all  our  research  on  freshwa¬ 
ter  forested  wetlands  was  the  potential  impacts  of  sea-level 
rise.  The  most  direct  effects  of  sea-level  rise  are  believed 
to  be  increases  in  flooding  of  coastal  wetlands  and  increases 
in  salinity  levels  of  soil  and  surface  water.  Most  of  the 
research  was  therefore  aimed  at  elucidating  the  effects  of 
these  stressors  on  some  of  the  major  tree  species  found  in 
cypress-tupelo  swamps.  Another  global  change  factor  be¬ 
lieved  to  be  important  is  increased  intensity  and/or  fre¬ 
quency  of  hurricanes  and  other  large  storms  (Emmanuel 
1987).  Consequently,  the  potential  impacts  of  storm  surges 
(i.e.,  large  pulses  of  salt  water)  were  also  investigated. 

Additionally,  the  direct  effects  of  flooding  and  salinity 
appear  highly  likely  to  result  in  a  number  of  indirect  ef¬ 
fects  on  cypress-tupelo  communities,  such  as  changes  in 
patterns  of  herbivory,  the  possible  rise  in  importance  of 
exotic  species,  and  changes  in  plant  species  composition 
due  to  differences  in  tolerance  and  competitive  ability  un¬ 
der  altered  site  conditions.  While  the  indirect  effects  were 
evaluated  to  a  substantially  lesser  degree  than  the  direct 
effects  of  sea-level  rise,  some  of  our  research  does  have 
implications  for  understanding  these  effects. 

Direct  Effects  of  Sea-level  Rise 

Determining  the  effects  of  salinity  and  flooding  on  ma¬ 
jor  cypress-tupelo  swamp  tree  species  was  the  main  goal 
of  two  major  studies.  One  study  evaluated  species-level 
responses  of  10  species  and  the  other  focused  on  intraspe¬ 
cific  variation  in  responses  of  one  particularly  important 
species  (baldcypress). 

Species-level  Responses  to  Flooding 
and  Salinity 

Species-level  responses  were  evaluated  primarily 
through  a  series  of  experiments  on  the  effects  of  flooding 
alone,  salinity  alone,  and  combinations  of  the  two  stres¬ 
sors  (Conner  1995).  Specifically,  the  experiments  were 
designed  to  determine  the  impact  of  flooding  and  salinity 
on  survival,  growth,  and  biomass  allocation  of  seedlings 
of  major  canopy  and  subcanopy  species,  and  the  impact  of 
simulated  storm  surges  on  seedlings  of  major  species.  Ad¬ 
ditional  research  on  the  physiological  responses  of  the  seed¬ 
lings,  although  not  funded  directly  by  the  U.S.  Geological 


Survey  Biological  Resources  Division,  was  carried  out  in 
cooperation  with  scientists  from  the  University  of  Georgia’s 
Savannah  River  Ecology  Laboratory.  Results  of  that  work 
are  highlighted  in  the  accompanying  box,  Ecophysiologi- 
cal  Responses  to  Flooding  and  Salinity, 

Experiments  on  seedling  response  to  various  treatment 
combinations  of  flooding  and  salinity  were  conducted  in 
each  of  3  years,  with  different  species  being  evaluated  dur¬ 
ing  each  year.  Species  included  in  the  study  were 
baldcypress,  water  tupelo,  black  tupelo  (Nyssa  sylvatica 
var.  sylvatica),  green  ash  (Fraxinus  pennsylvanica),  Chinese 
tallow  (Sapium  sebiferum),  buttonbush  (Cephalanthus 
occidentalis),  Nuttall  oak  {Quercus  texana),  swamp  chest¬ 
nut  oak  (Q.  michawcii),  overcup  oak  (Q.  lyrata),  and  water 
oak  {Q.  nigra).  Most  of  the  experiments  were  conducted 
over  the  latter  half  of  one  growing  season  by  using  seed¬ 
lings  growing  in  small  plastic  pots. 

These  experiments  clearly  demonstrated  that  substan¬ 
tial  differences  in  tolerance  to  flooding  and  salinity  stress 
exist  among  species.  All  four  species  of  oaks,  for  example, 
were  found  to  be  highly  sensitive  to  flooding  with  even 
low  level  (2  ppt)  salinity  (Conner  et  al.  1998).  Swamp 
chestnut  oak  and  water  oak  showed  signs  of  stress  (e.g., 
leaf  necrosis  or  loss,  tip  dieback)  when  flooded  with  2  ppt 
water  for  only  one  week.  After  1 1  weeks,  both  species  had 
100%  mortality.  Nuttall  oak  and  overcup  oak  did  not  show 
signs  of  stress  until  weeks  7  and  9,  respectively,  but  all  of 
these  seedlings  were  also  dead  by  the  end  of  the  5-month 
experiment.  Seedlings  of  all  the  oak  species  died  within  7 
weeks  of  flooding  with  6  ppt  water  (Conner  et  al.  1998). 

In  contrast,  baldcypress,  water  tupelo,  and  Chinese  tal¬ 
low  had  high  survival  rates  and  good  growth  when  flooded 
with  low  salinity  water  (Fig.  4-2).  When  flooded  with  2 
ppt  water,  all  three  species  had  100%  survival  and  height 
growth  that  was  not  significantly  different  than  that  for 
seedlings  flooded  with  fresh  water  and  tended  to  have  only 
slightly  reduced  diameter  growth  (Conner  1994,  1995; 
McLeod  et  al.  1996;  Conner  et  al.  1997;  see  box). 

In  general,  these  experiments  suggest  that  species  al¬ 
ready  well  adapted  to  long  flood  durations  handle  the  ad¬ 
ditional  stress  of  low-level  salinity  better  than  species 
somewhat  less  tolerant  to  flood.  Species  such  as  button- 
bush,  baldcypress,  and  water  tupelo  were  among  those  least 
affected  by  flooding  with  2  ppt  water  (Conner  1994; 
McCarron  et  al.  1998).  This  pattern  was  less  clear  when 
trees  were  flooded  with  higher  salinity  water  or  when  the 
extremely  rapid  increase  in  salinity  associated  with  some 
hurricanes  was  simulated.  Chinese  tallow,  for  example, 
was  found  to  be  more  tolerant  of  these  treatments  than 
baldcypress  and  water  tupelo,  which  are  both  more  flood 
tolerant  than  Chinese  tallow  (see  section  on  “Potential  for 
Invasion  of  Chinese  Tallow”). 

Based  on  the  results  of  the  3  years  of  experiments,  a 
general  classification  of  tolerance  to  salinity  can  now  be 
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Figure  4-2.  Effects  of  flooding  and  salinity  on  shoot  and  root  biomass  of  Nuttall  oak,  baldcypress,  water  tupelo,  and 
Chinese  tallow  (±SE).  F  indicates  flooded  (water  levels  were  maintained  at  about  5  cm  above  the  soil  surface),  and  W 
indicates  well-watered  (seedlings  were  watered  regularly  but  without  flooding  or  saturating  the  soil).  FO  =  flooded  with 
0  ppt  water,  F2  =  flooded  with  2  ppt  water,  FS  =  surged  with  32  ppt  water,  WO  =  watered  with  0  ppt  water,  W2  = 
watered  with  2  ppt  water,  W6  =  watered  with  6  ppt  water,  W10  =  watered  with  10  ppt  water,  WS  =  surged  with  32  ppt 
water;  and  AD  =  all  dead,  no  measurements  taken.  Unlike  letters  indicate  statistical  differences  at  5%  level  for 
treatments  by  seedlings.  Source:  Conner  1995. 


developed  (Table  4-1).  Also,  existing  rankings  of  flood 
tolerance,  which  are  often  based  on  limited  or  anecdotal 
evidence,  can  be  supported  by  more  quantitative  evidence. 

These  experiments  have  substantially  improved  our  abil¬ 
ity  to  rank  tolerance  and  better  predict  the  impacts  of  salt¬ 
water  intrusion.  In  addition,  they  have  provided  new  in¬ 
sight  into  how  responses  to  events  such  as  hurricanes  may 
vary  depending  on  site  conditions  just  prior  to  an  event. 
For  example,  the  effects  of  a  storm  surge  may  be  less  se¬ 
vere  in  cases  where  the  soil  is  already  saturated  and  more 
severe  when  the  soil  is  initially  well  drained.  In  experi¬ 
ments  involving  the  responses  of  baldcypress  seedlings  of 
differing  ages  to  simulated  storm  surges,  trees  showed  stress 
much  more  quickly  and  showed  less  indication  of  recov¬ 
ery  when  the  soil  was  well  drained  prior  to  surging.  Salin¬ 
ity  levels  in  saturated  soils  do  not  become  as  elevated 


initially  and  drop  to  tolerable  levels  faster  following  a  surge 
than  they  do  in  well-drained  soils  (Fig.  4-3). 

Intraspecific  Variation  in  Responses  to 
Fiooding  and  Saiinity 

Knowledge  of  species-level  responses  is  crucial  forpre- 
dieting  global  change-related  impacts  on  the  extent,  struc¬ 
ture,  and  function  of  forested  wetlands.  There  may  be  situ¬ 
ations,  however,  where  it  is  equally  important  to  under¬ 
stand  how  responses  to  flooding  and  salinity  vary  within  a 
species.  Substantial  variation  in  tolerance  to  saltwater  in¬ 
trusion  within  a  species  may  mean  that  the  species  will  be 
able  to  respond  to  altered  conditions  more  effectively.  Also, 
the  existence  of  such  variation  might  have  important  im¬ 
plications  for  the  development  of  management  responses 
to  saltwater  intrusion. 
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Ecophysiologicai  Responses  to  Flooding  and  Salinity 

by 

Ken  McLeod 
University  of  Georgia 
Savannah  River  Ecology  Laboratory 

Measurement  of  the  physiological  activity  of  plants  can  provide  early  information  about  a  specific  stress  response  before 
it  is  apparent  in  leaf  morphology  or  biomass.  These  measurements  may  be  more  revealing  than  traditional  evaluation  tools,  but 
they  must  be  interpreted  carefully  since  a  single  physiological  process  must  be  considered  within  the  larger  context  of  how 
that  process  affects  growth  and  survival.  With  any  variable  used  to  detect  stress,  multiple  aspects  may  need  to  be  considered. 
Of  interest  is  the  initial  response(s)  to  the  stress,  but  probably  of  greater  importance  is  the  long-term  response  (e.g.,  if  photo¬ 
synthesis  is  reduced,  is  the  reduction  proportionate  to  the  length  of  time  the  plant  is  exposed  to  the  stress,  or  does  recovery 
occur?). 

Seedlings  of  10  woody  species  demonstrated  several  response  patterns  based  on  their  initial  and  long-term  reactions  to 
freshwater  flooding  in  laboratory  experiments.  Baldcypress  and  buttonbush  showed  neither  an  initial  reduction  in  photosyn¬ 
thesis  nor  any  long-term  impact.  Water  tupelo  and  green  ash  showed  a  significant  initial  reduction  in  photosynthesis  but  no 
cumulative  effect  over  time.  Both  of  these  groups  would  survive  long-term  exposure  to  this  particular  stress.  For  a  third  group 
of  species  (overcup  oak,  water  oak,  Nuttall  oak,  and  Chinese  tallow,  photosynthesis  was  not  reduced  until  2  weeks  after  the 
initiation  of  the  flooding.  This  impact  increased  with  length  of  exposure.  Finally,  a  fourth  response  type  was  observed  in  black 
gum  and  swamp  chestnut  oak;  photosynthesis  was  initially  reduced  with  an  increasing  impact  over  time.  Since  photosynthe¬ 
sis  was  increasingly  impacted  over  time  in  both  of  the  two  latter  groups,  these  species  are  not  adapted  to  flooding  and  would 
eventually  perish  if  the  stress  continued. 

As  the  salinity  of  the  floodwater  increased  to  2  ppt,  as  might  occur  when  sea  level  rises  and  floods  coastal  areas,  the 
respective  tolerances  among  the  species  did  not  differ  greatly,  but  photosynthesis  was  reduced  in  all  species.  Again,  baldcypress 
showed  no  significant  initial  reduction  in  photosynthesis,  but  by  4  weeks  a  significant  reduction  in  photosynthesis  was 
observed.  Photosynthesis  of  buttonbush  was  similar  to  that  of  water  tupelo  and  green  ash  with  significant  initial  reduction  and 
no  cumulative  effect  over  time.  The  response  of  the  other  six  species  to  flooding  with  brackish  water  was  similar  to  that  of 
freshwater  flooding,  but  with  a  greater  reduction  in  photosynthesis  and,  ultimately,  mortality  of  all  individuals  of  these  six 
species. 

In  conditions  similar  to  those  observed  during  hurricane  storm  surges  (i.e.,  high  salinity  of  short  duration),  photosynthesis 
of  all  10  woody  species  was  severely  reduced.  Buttonbush  was  the  least  impacted  species  but  was  only  slightly  more  resistant 
than  black  gum,  baldcypress,  water  tupelo,  Chinese  tallow,  or  green  ash,  all  of  which  were  still  surviving  several  weeks  after  the 
simulated  storm  surge.  The  four  oak  species  had  severely  reduced  photosynthesis  and  all  died  within  2  weeks  of  the  stress. 

As  flooding  of  coastal  areas  increases  because  of  sea-level  rise,  photosynthesis  will  be  affected  differently  in  these  species 
based  primarily  on  their  flood  tolerances,  even  if  the  floodwater  is  of  low  salinity  (2  ppt).  This  finding  suggests  that  the 
flooding  associated  with  sea-level  rise  is  more  important  than  small  increases  in  salinity,  while  large  increases  in  salinity  will  be 
very  harmful  to  all  of  these  species. 

Acknowledgment:  This  research  was  supported  by  Financial  Assistance  Award  Number  DE-FC09-96SR18546  from  the 
U.S.  Department  of  Energy  to  the  University  of  Georgia  Research  Foundation. 


Table  4-1 .  Flood  and  salinity  tolerance  rankings  for  tree  species  investigated  by  Conner  (1995). 

Salinity  tolerance 

Species _ Flood  tolerance^ _ Low-levei+flooding^ _ Storm  surge^ 

Baldcypress  Most  tolerant  Tolerant  Moderately  tolerant 

Water  tupelo  Most  tolerant  Weakly  tolerant  Moderately  tolerant 

Buttonbush  Most  tolerant  Weakly  tolerant  Moderately  tolerant 

Black  tupelo  Most  tolerant  Intolerant  Moderately  tolerant 

Chinese  tallow  Tolerant  Intolerant  Moderately  tolerant 

Overcup  oak  Tolerant  Intolerant  Intolerant 

Green  ash  Moderately  tolerant  Weakly  tolerant  Moderately  tolerant 

Nuttall  oak  Moderately  tolerant  Intolerant  Intolerant 

Water  oak  Weakly  to  moderately  tolerant  Intolerant  Intolerant 

Swamp  chestnut  oak _ Weakly  tolerant _ Intolerant _ Intolerant _ 

^  Based  on  rankings  by  McKnight  et  al.  1981  and  Hook  1984,  except  for  Chinese  tallow. 

2  Based  on  responses  to  flooding  with  2  ppt  water,  such  as  may  occur  during  early  stages  of  saltwater  intrusion. 

3  Based  on  responses  to  simulated  storm  surge  treatments  during  flooding,  such  as  may  occur  as  a  result  of  hurricanes. 
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Figure  4-3.  Salinity  levels  in  surge  tanks  after  flooding  with 
saltwater  and  subsequent  freshwater  additions  (the  “storm  surge” 
treatment  referred  to  in  the  text).  Source:  Conner  1 995. 


Figure  4-4.  Saltwater-intrusion-affected  swamp  in  St.  Bernard 
Parish,  Louisiana,  with  one  living,  apparently  healthy  baldcypress. 
Photo  credit:  J.A.  Allen,  U.S.  Geological  Survey. 


Anecdotal  evidence  and  personal  observations  provided 
good  reason  to  believe  that  baldcypress  was  a  species  with 
considerable  intraspecific  variation  in  salt  tolerance. 
Pezeshki  et  al.  (1990)  indicated  the  existence  of  stands 
and  individual  baldcypresses  that  were  apparently  salt  tol¬ 
erant.  Also,  in  some  southern  Louisiana  baldcypress  stands 
where  most  trees  have  succumbed  to  saltwater  intrusion, 
some  individuals  are  still  apparently  thriving  (Fig.  4-4). 
Since  this  work  was  initiated,  evidence  of  variation  in  salt 
tolerance  has  also  been  supported  by  a  greenhouse  trial 
(Javanshir  and  Ewel  1993)  and  field  observations  in  North 
Carolina  (Yanosky  et  al.  1995). 

The  first  phase  in  this  study  was  a  search  for  living 
baldcypress  trees  found  in  habitats  with  elevated  salinity 
levels.  The  coastal  zone  of  southeastern  Louisiana  (from 
the  Mississippi  line  to  the  east  levee  of  the  Atchafalaya 
River)  was  searched  by  using  light  aircraft,  boats,  and 
ground  observations.  A  portion  of  Mobile  Bay,  Alabama, 
was  also  searched.  Trees  were  selected  primarily  based  on 
the  salinity  level  of  surface  water  where  they  were  found 
and  secondarily  on  their  form.  Many  trees  that  were  ap¬ 
parently  salt-tolerant  were  found  during  the  course  of  the 
search,  including  several  growing  in  areas  where  the  sur¬ 
face  water  salinities  ranged  from  6  to  8  ppt  (Allen  et  al. 
1994). 

Seed  was  collected  from  10  of  these  trees  and,  for  com¬ 
parison,  from  five  baldcypress  trees  growing  in  areas  not 
subject  to  saltwater  intrusion.  Seedlings  were  then  produced 
from  each  of  the  parent  trees.  The  seedlings  from  each  par¬ 
ent  tree  are  hereafter  referred  to  as  “families”  (more  tech¬ 
nically  they  are  “open-pollinated  families,”  since  the  source 
of  the  pollen  was  not  controlled  and  therefore  only  one 
parent  is  known).  Seedlings  from  each  of  the  15  families 
were  subjected  to  flooding  with  water  of  salinity  levels  rang¬ 
ing  from  0  to  8  ppt,  and  their  survival,  growth,  and  physi¬ 
ological  performance  were  monitored. 

The  results  of  this  study  demonstrated  that  there  is  in¬ 
deed  statistically  significant  variation  in  salt  tolerance 
within  the  baldcypress  species  (Allen  1994).  Tolerance  was 
assessed  in  a  number  of  ways,  including  the  ability  to  sur¬ 
vive  under  elevated  salinity  levels,  the  ability  to  maintain 
healthy  leaves,  and  through  the  use  of  indices  combining 
various  responses.  One  such  index,  referred  to  as  the  Po¬ 
tential  Survival  Index  or  PSI,  was  based  on  survival  and 
leaf  area  at  the  two  highest  salinity  levels  (6  and  8  ppt) 
relative  to  the  survival  and  leaf  area  at  the  two  lowest  sa¬ 
linity  levels  (0  and  2  ppt).  The  PSI  was  devised  to  assess 
future  survival  by  combining  first-year  survival  with  a  mea¬ 
sure  believed  to  be  indicative  of  the  likelihood  of  future 
survival  (amount  of  leaf  area  remaining  at  the  end  of  the 
first  growing  season). 

The  calculated  PSI  values  ranged  from  106  to  2,941 
units  (Table  4-2),  suggesting  a  wide  range  in  apparent  tol¬ 
erance  to  salinity  among  the  15  families.  The  overall  mean 
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Table  4-2.  Potential  Survival  Index  (PSI)  by  family. 


Family 

PSI 

Rank 

Brackish  sources 

CB2 

720 

6 

CBS 

2941 

1 

FA1 

651 

7 

FA2 

2042 

2 

FAS 

2027 

S 

FA4 

646 

8 

PB1 

295 

IS 

SG2 

1177 

5 

VE2 

1572 

4 

VES 

429 

11 

Mean 

1250 

Freshwater  sources 

B02 

106 

14 

LSI 

464 

9 

PR1 

SS7 

12 

SW1 

464 

9 

SW2 

4S9 

10 

Mean 

S62 

Overall  mean 

954 

PSI  for  the  10  families  from  sites  with  elevated  salinity 
levels  was  about  3.5  times  higher  than  the  mean  for  the  5 
families  from  totally  freshwater  locations.  All  of  the  most 
highly  tolerant  families  came  from  parent  trees  located  on 
saline  sites,  as  might  be  expected  if  salt  tolerance  is  a  ge¬ 
netically  controlled  and  therefore  heritable  characteristic. 

Physiological  responses  evaluated  in  this  study  in¬ 
cluded  net  photosynthesis  and  stomatal  conductance,  leaf 
water  potential,  chlorophyll  fluorescence,  and  ion  accu¬ 
mulation  in  leaf,  stem,  and  root  tissue.  Statistically  signifi¬ 
cant  variation  among  families  was  found  for  most  of  these 
response  variables,  but  overall  there  was  little  apparent 
relationship  between  physiological  performance  and  the 
various  measures  of  salt  tolerance  (Allen  et  al.  1997),  The 
exception  was  in  the  accumulation  of  sodium  (Na"^)  and  chlo¬ 
rine  (Cl  )  ions  in  shoot  (stem  and  leaf)  tissue,  which  was 
found  to  have  moderately  strong  negative  correlations  with 
PSI.  The  tolerant  families  had  lower  concentrations  of  so¬ 
dium  when  averaged  across  all  salinity  levels,  and  the  dif¬ 
ferences  were  even  more  pronounced  when  the  means  were 
compared  at  the  highest  salinity  levels  (Allen  et  al.  1997; 
Fig.  4-5).  High  concentrations  of  sodium  and  chlorine  in 
leaf  tissue  may  cause  water  stress,  ion  toxicity  or  imbal¬ 
ances,  and  hormonal  imbalances  (Greenway  and  Munns 
1980;  Poljakolf-Mayber  1988),  so  the  ability  to  exclude  these 


Figure  4-5.  Means  by  tissue  type  and  salinity  level  for  sodium 
concentrations  for  all  15  families  and  for  the  most  salt-tolerant 
families  CBS,  FA2,  and  FAS.  Source:  Allen  1994. 


ions  from  leaf  tissue  is  probably  the  most  critical  difference 
between  the  most  tolerant  families  and  the  more  salt- 
sensitive  families. 

Beginning  late  in  1995,  a  follow-up  study  on  intraspe- 
cific  variation  in  salt  tolerance  of  baldcypress  was  initi¬ 
ated.  This  new  study  contained  four  components:  a  physi¬ 
ology  experiment  designed  to  evaluate  short-term  responses 
to  a  rapid  saltwater  influx;  an  evaluation  of  intraspecific 
variation  in  germination  of  baldcypress  seed  under  differ¬ 
ent  levels  of  soil  salinity;  a  determination  of  intraspecific 
growth  variation  in  the  root  elongation  of  baldcypress  un¬ 
der  several  salinity  regimes;  and  an  evaluation  of  intraspe- 
ciflc  variation  in  survival  and  growth  in  the  field  along  a 
salinity  gradient. 

Results  of  the  first,  and  subsequent,  components  of  this 
study  provide  further  evidence  of  significant  intraspecific 
variation  in  salt  tolerance  of  baldcypress.  Four  open- 
pollinated  families  were  subjected  to  rapid  influxes  of  sa¬ 
line  water  (4  and  6  ppt),  and  gas  exchange  and  water  po¬ 
tential  responses  were  measured.  Two  of  the  families,  both 
of  which  exhibited  relatively  high  salt  tolerance  in  the  ear¬ 
lier  study  (Allen  1994;  Allen  et  al.  1994),  were  able  to  main¬ 
tain  significantly  higher  stomatal  conductance  and  tran¬ 
spiration  rates  than  the  other  two  families  (Krauss  et  al. 
1996). 
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In  the  second  study,  seed  germination  of  eight  families 
of  baldcypress  were  evaluated  within  a  controlled  envi¬ 
ronment.  Seeds  were  sown  in  soil  saturated  with  water  from 
four  different  salinity  concentrations  (0,  2,  4,  and  6  ppt) 
and  monitored  over  65  days  for  successful  germination. 
Not  only  was  intraspecific  variation  significant  (Fig.  4-6), 
but  also  three  families  from  brackish-water  sources,  with  a 
combined  mean  germination  capacity  of  22.3%  across  all 
salinity  concentrations,  tended  to  have  higher  germination 
relative  to  the  two  freshwater  checks,  which  averaged 
11.6%  germination  capacity  (Krauss  et  al.  1998).  Germi¬ 
nation  trials  offer  a  cost-effective  means  of  screening  large 
numbers  of  baldcypress  genotypes  for  potential  salt  tolerance. 

Root  growth  response  to  flooding  and  salinity  often  var¬ 
ies  considerably  from  shoot  growth  response.  As  a  result, 
the  third  study  evaluated  the  intraspecific  variation  in  root 
elongation  of  five  baldcypress  families  at  three  concentra¬ 
tions  of  floodwater  salinity  (0, 4,  and  6  ppt).  Although  root 
growth  from  all  families  was  impacted  negatively  by  an 
increase  in  floodwater  salinity,  certain  families  had  a  greater 
degree  of  root  elongation  than  others  tested  (Krauss  et  al., 
1999a).  Once  again,  although  confounded  slightly  by  the 
performance  of  one  family  at  6  ppt,  seedlings  from  brack¬ 
ish-water  sources  experienced  greater  root  elongation  than 
seedlings  from  freshwater  sources  when  evaluated  across 
all  three  salinity  concentrations.  Genotypes  of  baldcypress 
with  greater  root  growth  may  experience  better  survival 
as  well  as  positive  biomass  increment  in  salt-impacted  wetlands. 


Salinity  (ppt) 

Figure  4-6.  Intraspecific  variation  in  baldcypress  seed  germination 
at  four  soil  salinity  concentrations.  Families  SW1  and  SW2 
represent  the  two  freshwater  source  collections.  Source:  after 
Krauss  et  al.  1998  (permission  to  reproduce  granted  to  authors  by 
Kluwer  Academic  Publishers,  Inc.). 


The  final  study  in  the  series  of  four  involved  a  field  trial, 
or  provenance  test,  to  evaluate  the  feasibility  of  using  con¬ 
trolled  environment  experiments  as  a  mechanism  for  salt 
tolerance  screening.  Three  plantations,  containing  seedlings 
from  10  families,  were  established  on  sites  impacted  by 
saltwater  intrusion  in  southeastern  Louisiana.  Survival, 
growth,  and  tissue  ion  concentrations  were  monitored 
through  one  growing  season.  Although  intraspecific  varia¬ 
tion  in  survival  was  not  significant,  variation  did  exist  for 
height,  diameter,  and  volume  growth  increment  (Krauss 
1997).  In  addition,  families  exhibited  differential  abilities 
to  exclude  Cf  or  take  up  K"^  and  Ca2^  at  salinities  as  high 
as  4  ppt,  which  may  give  some  insight  into  mechanisms  of 
salt  tolerance  in  baldcypress  (Krauss  et  al.  1999b). 

Indirect  Responses  to  Sea-level  Rise 

Relationship  of  Fiooding  to  Insect  Herbivory  on 
Baldcypress 

Since  1983,  widespread  defoliation  of  baldcypress  has 
occurred  in  southern  Louisiana  each  spring.  The  cause  of 
this  defoliation  was  determined  to  be  feeding  by  larvae  of 
the  fruittree  leafroller  (Archips  argyrospila),  a  wide- 
ranging  species  of  moth  native  to  the  United  States  (Goyer 
et  al.  1990;  Fig.  4-7),  The  fruittree  leafroller  is  a  close  rela¬ 
tive  of  the  spruce  budworm  {Archips  fumiferana)  (Goyer 
et  al,  1990),  one  of  the  most  economically  destructive  in¬ 
sect  pests  in  North  American  forests.  Although  well  known 
as  a  pest  in  orchards,  the  fruittree  leafroller  had  not  been 
previously  reported  to  affect  baldcypress.  There  is,  how¬ 
ever,  consistent  host-related  behavioral  as  well  as  genetic 
differences  in  the  moths  affecting  baldcypress  (Goyer  et 
al.  1995). 

The  first  recorded  infestation  of  the  fruittree  leafroller 
on  baldcypress  was  in  the  Atchafalaya  Basin,  primarily  in 
a  three  parish  area  southwest  of  Baton  Rouge.  Defoliation 
appeared  to  be  most  extensive  in  areas  with  permanent  or 
near-permanent  flooding  (Goyer  and  Chambers  1997),  sug¬ 
gesting  that  the  existing  defoliation  problem  may  become 
more  severe  if  sea-level  rise  results  in  greater  areas  of 
baldcypress  being  exposed  to  increases  in  flood  duration. 

Given  the  already  serious  nature  of  the  problem  and  the 
prospects  for  its  being  compounded  by  sea-level  rise,  a 
study  was  developed  to  delineate  the  extent  of  defoliation 
of  baldcypress  by  the  fruittree  leafroller  and  broadly  cat¬ 
egorize  the  levels  of  defoliation  within  the  affected  areas, 
assess  potential  impacts  on  natural  regeneration  by  com¬ 
paring  defoliation  on  mature  trees  to  that  on  immature  trees, 
and  contrast  defoliation  levels  and  refoliation  rates  under 
different  flooding  regimes  (permanently  flooded,  season¬ 
ally  flooded,  and  nonflooded). 

Aerial  surveys  conducted  annually  since  1984  addressed 
the  first  objective  (Fig.  4-8).  In  recent  years,  approximately 
125, (X)0  ha  were  defoliated  to  the  extent  as  to  cause  significant 
growth  loss.  These  numbers  are  dramatically  higher  than 
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Figure  4-7.  Full-grown  fruittree  leafroller  caterpillars  on  baldcypress  foliage.  Photo  credit:  R.A.  Goyer,  Louisiana 
State  University. 


in  the  mid-1980’s  (Fig.  4-8).  The  aerial  surveys  also  clearly 
documented  an  eastward  expansion  of  the  annual  defolia¬ 
tion,  to  the  point  where  it  reached  the  outskirts  of  New 
Orleans  (Fig.  4-9)  and  now  affects  the  Lake  Pontchartrain 
Basin.  Because  the  basin  contains  very  extensive  stands 
of  baldcypress  that  are  already  under  stress  from  a  variety 
of  human-induced  alterations  in  hydrology  and  saltwater 
intrusion  (Pezeshki  et  al.  1990),  the  potential  for  damage 
caused  by  severe  levels  of  defoliation  seems  high. 

The  work  on  defoliation  of  mature  and  immature  trees 
demonstrated  that  small  and/or  suppressed  trees  were  most 
frequently  and  severely  defoliated  by  the  fruittree  leafroller. 
The  effect  of  repeated  defoliation  also  appears  to  be  more 
severe  on  these  trees,  which  were  found  to  have  high  lev¬ 
els  of  branch  mortality  and  a  reduced  capacity  to  refoliate 
and  recover  from  repeated  defoliation  (Table  4-3).  In  ad¬ 
dition,  over  a  6-year  period,  28%  of  these  small  trees  grow¬ 
ing  in  open  patches  died.  These  results  suggest  potentially 
critical  effects  of  the  fruittree  leafroller  on  future  natural 
or  artificial  regeneration  of  baldcypress. 

While  there  was  an  indication  of  increased  levels  of  de¬ 
foliation  in  areas  concurrent  with  increased  flooding,  there 
was  little  difference  between  sites  flooded  permanently 
and  those  seasonally  flooded  (Fig.  4-10).  Also,  there  was 
no  difference  in  observed  amounts  of  refoliation  that  could 
be  attributed  to  differences  in  flooding  regime  (Goyer  and 


Chambers  1997).  Growth,  however,  of  baldcypress  was  sig¬ 
nificantly  less  in  defoliated/flooded  areas  than  in  areas  not 
defoliated  and/or  not  flooded  (Fig.  4-11). 

Potential  for  Invasion  of  Chinese  Tallow 

A  number  of  experiments  on  two  native  species, 
baldcypress  and  water  tupelo,  and  one  exotic  species,  Chi¬ 
nese  tallow,  showed  that  Chinese  tallow  had  greater  toler¬ 
ance  to  some  stresses  associated  with  sea-level  rise.  Chi¬ 
nese  tallow  is  already  a  common  invader  of  forested  wet¬ 
lands  in  coastal  regions  of  the  Southeast  and  may  be  poised 
to  become  even  more  prominent  in  areas  undergoing  stress 
due  to  rising  sea  level  or  storm  surges. 

In  one  experiment,  seedlings  of  three  species — 
baldcypress,  water  tupelo,  and  Chinese  tallow — were  sub¬ 
jected  to  flooding  with  saline  (10  ppt)  water.  After  6  weeks, 
Chinese  tallow  showed  no  signs  of  stress,  while  90%  of 
the  water  tupelo  and  60%  of  the  baldcypress  had  dead  tops 
(McLeod  et  al.  1996;  Conner  et  al.  1997). 

In  a  simulated  storm  surge  experiment  with  baldcypress 
and  Chinese  tallow,  nearly  100%  of  the  seedlings  exhib¬ 
ited  signs  of  stress  within  4  weeks,  but  all  survived  until 
the  end  of  the  growing  season.  However,  there  were  pro¬ 
nounced  differences  in  ability  to  fully  recover  from  this 
stress.  After  seedlings  exposed  to  the  simulated  storm  surge 
in  late  September  overwintered  in  their  tanks  (with  a 
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Year 


Figure  4-8.  Amount  of  defoliation  (acres)  by  fruittree  leafroller. 
Source:  Goyer,  unpublished  data. 


Table  4-3.  Annual  dieback  (%)  of  understory  baldcypress  saplings 
<10  cm  diameter  in  open  patches.  Southern  Louisiana  1992-97® 
(means  only). 


Year 

Mean  %  (n=50) 

Number  dead 

1992 

31.0 

0 

1993 

39.9 

0 

1994 

46.0 

2 

1995 

55.4'> 

4 

1997 

es.s** 

13 

Change  (%) 

34.3'> 

28.3 

Each  year  all  saplings  were  80-100%  defoliated  by  fruittree  leafroller. 


•’  Dead  trees  removed  from  calculations. 


Figure  4-9.  Extent  of  fruittree  leafroller  defoliation  in  1983, 1988, 1992, 1993,  and  1996.  Source:  Goyer,  unpublished  data. 
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Figure  4-10.  Baldcypress  defoliation  rating  for  three  hydroiogical 
regimes,  Bayou  Chevreuil,  Louisiana.  Source:  Goyer  and 
Chambers  1997. 


Flooding/defoliation  regime 


Figure  4-11.  Surface  area  growth  of  baldcypress  as  infiuenced 
by  flooding  and  insect  herbivory  (after  data  from  Goyer  1 996;  Table 
4-3). 


residual  tankwater  salinity  level  of  2.5  ppt,  down  from  an 
initial  high  of  21  ppt),  clear  differences  were  seen  between 
the  two  species.  Only  one-third  of  the  baldcypress  seed¬ 
lings  survived  to  the  next  spring,  and  those  that  did  survive 
had  dead  tops,  with  sprouting  occurring  at  the  water  line. 
On  the  other  hand,  all  but  two  of  the  Chinese  tallow  sur¬ 
vived  and  resprouted  the  following  spring  with  only  par¬ 
tial  top  dieback  (Conner  et  al.  1997). 

Implications 

Potential  Species  Responses  to  Sea-ievei  Rise 

The  uncertainty  surrounding  the  specific  effects  of  glo¬ 
bal  climate  change  presents  a  significant  challenge  to  sci¬ 
entists  concerned  with  their  potential  impacts  on  coastal 
wetland  habitats,  A  major  goal  of  the  research  on  coastal 


freshwater  forested  wetlands,  therefore,  was  to  develop 
information  on  the  potential  responses  of  key  tree  species 
to  a  range  of  different  conditions.  As  a  result,  the  implica¬ 
tions  of  a  range  of  global  climate  change  scenarios  can  be 
evaluated. 

It  is  possible,  for  example,  that  sea-level  rise  will  result 
in  a  gradual  increase  in  flooding  and/or  salinity  in  coastal 
forested  wetlands.  The  results  of  the  work  described  herein 
suggest  that  some  types  of  forested  wetlands,  especially 
those  dominated  by  baldcypress,  may  be  able  to  persist  for 
many  years  under  these  conditions.  Previous  work  has 
shown  that  in  the  South,  baldcypress  is  one  of  the  most 
tolerant  species  of  long  flood  durations  and  relatively  deep 
flooding  (Hook  1984).  It  has  now  also  been  demonstrated 
to  be  tolerant  of  permanent  flooding  with  water  of  low  sa¬ 
linity  (Allen  et  al.  1994;  Conner  1995).  Furthermore, 
baldcypress  has  been  shown  to  have  substantial  intraspe¬ 
cific  variation  in  salinity  tolerance  at  the  seedling  stage 
(Allen  et  al.  1994)  and  at  the  seed  germination  stage  (Krauss 
etal.  1997). 

If  the  change  in  salinity  levels  is  rapid  or  large  pulses  of 
saltwater  intrude  into  freshwater  systems  during  hurricanes, 
the  impacts  are  likely  to  be  much  more  rapid  and  dramatic, 
even  for  tolerant  species  such  as  baldcypress.  None  of  the 
native  species  investigated  were  found  to  be  capable  of  tol¬ 
erating  sustained  flooding  with  salinity  levels  greater  than 
8  ppt,  and  some  (the  oaks)  were  found  to  succumb  rapidly 
at  salinity  levels  of  6  ppt. 

The  relative  inability  of  the  native  species  to  tolerate 
higher  levels  of  salinity  and  especially  periodic  pulses  of 
salinity  may  provide  an  opportunity  for  exotic  species  to 
become  increasingly  prominent.  Chinese  tallow  is  one  spe¬ 
cies  that  appears  likely  to  benefit  from  the  hydrological 
and  salinity  changes  that  may  occur.  It  has  many  other  char¬ 
acteristics  that  allow  it  to  become  an  invasive  species,  such 
as  rapid  growth  rate,  early  and  prolific  seed  production, 
readily  dispersed  seed,  moderately  high  shade  tolerance,  and 
an  ability  to  grow  on  a  wide  range  of  soil  types  (Na¬ 
tional  Academy  of  Sciences  1983;  Jones  and  McLeod  1989, 
1990;  Jubinsky  1995).  That  it  is  also  relatively  tolerant  of 
large  pulses  of  salt  water  suggests  that,  following  hurri¬ 
canes  and  other  major  storms,  it  may  come  to  dominate  some 
sites  now  occupied  by  native  species.  Because  there  is 
evidence  that  Chinese  tallow  invades  forested  wetlands  dis¬ 
turbed  by  hurricanes  but  not  currently  affected  by  sea-level 
rise  (Doyle  et  al.  1995),  it  may  also  become  an  important 
invader  in  some  areas  defoliated  by  the  fruittree  leafroller. 

While  the  lower  elevation  forests  along  the  coast  are 
likely  to  be  the  first  to  experience  increases  in  flood  dura¬ 
tions  and  salinity  associated  with  a  gradual  increase  in  sea 
level,  slightly  higher  elevation  wetlands  may  actually  suc¬ 
cumb  more  rapidly.  Oaks  and  associated  species  often  are 
found  on  low  ridges  no  more  than  30  to  60  cm  above  sur¬ 
rounding  swamps  (Conner  and  Flynn  1989;  Conner  1988). 
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Because  oaks  were  found  to  be  so  vulnerable  to  flooding 
with  even  low  level  salinity  (2  ppt),  they  may  well  exhibit 
stress  sooner  than  trees  in  the  deeper  swamps. 

Development  of  Management 
Responses 

Research  described  in  this  chapter  also  provides  poten¬ 
tially  valuable  guidance  for  the  restoration  of  forested  wet¬ 
lands  subjected  to  saltwater  intrusion.  As  mentioned  ear¬ 
lier,  many  sites  in  southern  Louisiana  are  currently  subject 
to  saltwater  intrusion  (Fig.  4-1);  many  more  such  areas  may 
exist  in  the  future  as  sea  level  rises  and  saltwater  intrusion 
reaches  farther  inland. 

Although  restoration  of  original  hydrologic  regimes  (i.e., 
freshwater  and  seasonally  to  semipermanently  flooded)  is 
undoubtedly  the  single  best  strategy  for  restoring  forested 
wetlands,  results  of  some  of  the  work  described  above  sug¬ 
gest  that  the  development  of  moderately  salt-tolerant  plant¬ 
ing  material  may  be  a  useful  complementary  approach.  This 
approach  is  analogous  to  that  advocated  by  Epstein  et  al. 
(1980)  and  others  for  agriculture  on  saline  soils.  Epstein  et 
al.  (1980)  believed  that  an  “engineering  approach”  to  the 
salinity  problem  was  no  longer  adequate  by  itself  and  should 


be  combined  with  a  “genetic  approach”  involving  the  de¬ 
velopment  of  salt-tolerant  crops. 

Our  first  steps  towards  developing  moderately  salt- 
tolerant  varieties  of  baldcypress  demonstrated  that  consid¬ 
erable  variation  in  salt  tolerance  exists  within  the 
baldcypress  species.  However,  this  work  was  conducted 
primarily  under  greenhouse  and  controlled  environment 
conditions.  Ultimately,  managers  will  be  interested  in  the 
performance  of  salt-tolerant  seedlings  in  the  field.  The  co¬ 
operative  study  initiated  between  Louisiana  State  Univer¬ 
sity  and  the  National  Wetlands  Research  Center  to  test  the 
performance  of  several  families  of  baldcypress  under  field 
conditions  is  therefore  of  critical  importance.  The  field  trial 
involving  1,200  seedlings  of  10  families,  planted  on  three 
sites  with  differing  salinity  levels,  began  in  January  of  1996 
and  early  results  are  promising  (Krauss  et  al.  1999b).  Also, 
a  related  study  seeks  to  determine  the  suitability  of  devel¬ 
oping  selected  salt-tolerant  or  salt-intolerant  varieties  to 
survive  fruittree  leafroller  infestation.  The  results  of  these 
studies  will  hopefully  provide  a  strong  impetus  for  the  ac¬ 
tive  restoration  of  sites  affected  by  saltwater  intrusion 
throughout  the  southeastern  coastal  zone. 


VULNERABILITY  OF  COASTAL  WETLANDS  IN  THE  SOUTHEASTERN  UNITED  STATES 


45 


Chapter  5: 

Sensitivity  of  Guif  Coast  Forests  to  Climate 

Change 

by 

Paul  A.  Harcombe 

Department  of  Ecology  and  Evolutionary  Biology 
Rice  University 
137 A  Anderson  Biological  Lab 
Houston  Texas  77005 

Jeff  S,  Glitzenstein 
St.  Marks  National  Wildlife  Refuge 
Tall  Timbers  Fire  Ecology  Research  Station 
Route  L  Box  678 
Tallahassee^  Florida  32312-9712 

Paul  Krusic  Mark  Fulton 

Lamont-Doherty  Earth  Observatory  Department  of  Ecology  and  Evolutionary  Biology 

P.O.  Box  1000,  Tree  Ring  Lab  Rice  University 

Palisades,  New  York  10964  137 A  Anderson  Biological  Lab 

Houston,  Texas  77005 


Edward  S.  Cook 

Lamont-Doherty  Earth  Observatory 
P.O.  Box  1000,  Tree  Ring  Lab 
Palisades,  New  York  10964 


Rosine  B.W.  Hall 
Department  of  Biology 
Auburn  University 
Montgomery,  Alabama  36117 


Donna  R.  Streng 

St.  Marks  National  Wildlife  Refuge 
Tall  Timbers  Fire  Ecology  Research  Station 
Route  1,  Box  678 
Tallahassee,  Florida  32312-9712 


Abstract:  Data  from  a  long-term  study  of  vegetation  and  tree  demography  were  used  to  investigate  potential 
effects  of  climate  change  on  a  major  forested  region  of  the  United  States,  the  Coastal  Plain  of  the  Southeast.  Study 
sites  included  dry,  mesic,  and  wet  sites  in  the  Big  Thicket  of  east  Texas  that  are  representative  of  important 
vegetation  types  on  the  Coastal  Plain.  Results  indicated  spatial  and  temporal  variability  in  species  importance  and 
stand  turnover  rates  related  to  history  of  human  disturbance,  history  of  natural  disturbance,  and  site  conditions. 
Investigation  of  within-stand  patterns  related  to  shade-tolerance,  a  central  element  of  the  theory  of  forest 
dynamics,  reinforced  the  idea  that  shade  tolerance  and  tradeoffs  relating  to  it  are  central  to  our  understanding  of 
the  mechanisms  controlling  forest  variation  in  time  and  space.  Analyses  of  tree-ring  chronologies  indicated  that 
species  range  boundaries  are  not  set  by  climatic  limitations  on  individual  growth.  On  the  other  hand,  analyses  of 
seedling  demography,  sapling  and  tree  growth,  and  tree  rings  indicated  short-term  variations  that  suggest 
sensitivity  of  the  forests  to  long-term  climate  change.  Comparing  effects  of  disturbance  on  stand  dynamics  with 
effects  of  climate  variation  on  individual  growth,  our  analyses  suggest  that  climate  change  would  have  a  stronger 
and  more  direct  effect  through  changes  in  frequency  and  intensity  of  hurricanes,  floods,  and  droughts  than 
through  changes  in  relative  growth  performance  among  species.  Because  of  high  stand  turnover  rates,  possible 
responses  would  be  rapid.  While  the  responses  noted  here  are  not  as  dramatic  as  we  had  previously  seen,  they  do 
have  important  implications  for  managers  of  both  natural  area  preserves  and  commercial  timberlands. 
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Introduction 

Forests  of  the  Coastal  Plain  region  of  the  southeastern 
United  States  are  among  the  most  productive  in  North 
America  and  form  the  basis  of  a  large  timber  and  wood 
products  industry.  In  addition,  unmanaged  forests  in  parks 
and  preserves  are  important  biologically  and  for  conser¬ 
vation  (e.g.,  Marks  and  Harcombe  1981 ;  Bridges  and  Orzell 
1989;  Ware  et  al.  1993).  Understanding  potential  effects 
of  climate  change  on  Coastal  Plain  forests  is  therefore  criti¬ 
cal  from  both  economic  and  biological  perspectives  (see 
also  Morse  et  al.  1995). 

Existing  long-term  studies  are  particularly  useful  for 
understanding  potential  impacts  of  climate  change  on  for¬ 
ests  for  three  reasons.  First,  long-term  studies  initiated  prior 
to  climate  changes  provide  invaluable  baseline  data  on  for¬ 
est  variability  under  existing  climatic  conditions.  Without 
such  data,  distinguishing  long-term  changes  in  forests 
caused  by  climate  change  from  short-term  fluctuations 
caused  by  disturbance  or  climatic  anomalies  may  be  im¬ 
possible.  Second,  long-term  studies  provide  an  opportu¬ 
nity  to  directly  observe  effects  on  forests  of  short-term 
climate  fluctuations  and  related  disturbance  phenomena, 
such  as  fires  and  hurricanes.  We  can  then  use  these  obser¬ 
vations  of  actual  forest  change  as  the  basis  for  inferences 
about  sensitivity  to  longer  term  climate  and  disturbance 
changes  in  the  future.  Finally,  long-term  studies  may  pro¬ 
vide  critical  data  for  testing  and  refining  predictions  about 
climate  change  effects  made  using  simulation  models. 

In  this  report,  we  summarize  the  results  of  20  years  of 
forest  dynamics  study  in  the  Big  Thicket  region  of  south¬ 
east  Texas.  Our  study  is  unique  in  the  amount  of  detailed 
data  that  have  been  collected  on  woody  plant  growth  and 
population  changes  on  the  same  sites  over  a  long  time  pe¬ 
riod.  A  second  unique  feature  of  the  study  is  the  simulta¬ 
neous  accumulation  of  a  variety  of  environmental  data  (e.g., 
drought,  light,  flooding)  with  which  to  interpret  the  woody 
plant  population  data.  Also,  the  location  of  the  study  in 
the  Big  Thicket  is  highly  advantageous  for  global  change 
research.  The  forests  of  the  Big  Thicket  are  typical  of  a 
large  biogeographic  region  on  the  Coastal  Plain  of  the 
southeastern  United  States  which  spans  the  area  from  east 
Texas  to  the  Carolinas;  many  of  the  results  presented  here 
apply  to  the  region  as  a  whole.  Also,  the  study  area  is  close 
to  the  southwestern  range  limit  of  most  of  the  eastern  for¬ 
est  trees.  If  forests  change  in  response  to  shifts  in  global 
climate,  the  changes  will  likely  occur  first  at  the  range 
limits;  our  long-term  study  is  therefore  in  an  excellent  po¬ 
sition  to  detect  early  indications  of  possible  long-term  shifts 
in  species  composition  and  demographic  processes. 

The  Big  Thicket  is  at  the  western  edge  of  the  Southern 
Mixed  Hardwoods  region  (Kiichler  1964)  or  the  South¬ 
eastern  Evergreen  Forest  described  by  Braun  (1950).  Re¬ 
cent  biogeographic  studies  place  the  Big  Thicket  in  the 


Coastal  Plains  and  Flatwoods  Ecoregion,  Western  Gulf 
Section,  Subsection  231Fb  (Southwest  Flatwoods;  Keys 
et  al.  1995).  The  climate  is  humid  subtropical  with  an  av¬ 
erage  annual  rainfall  of  1,341  mm/yr  (National  Climatic 
Data  Center  1994)  evenly  distributed  throughout  the  year. 
Average  annual  temperature  is  20.4""  C;  mean  monthly  tem¬ 
perature  exceeds  10°  C  for  all  months.  The  growing  sea¬ 
son  is  long,  from  March  to  November,  with  approximately 
240  consecutive  frost-free  days.  Physically,  it  is  mostly 
within  the  drainage  of  the  Neches  River  50-100  km  in¬ 
land  from  the  Gulf  of  Mexico  and  about  75  km  west  of  the 
Louisiana  border. 

As  in  most  of  the  Coastal  Plain,  plant  communities  of 
the  Big  Thicket  area  have  been  altered  by  humans.  Exclu¬ 
sion  of  fire  has  converted  large  portions  of  upland  habitats 
that  were  formerly  longleaf  pine  savannas  or  woodlands 
(i.e.,  open  forests  with  a  grassy  understory)  to  closed  for¬ 
est  (Harcombe  et  al.  1993;  Ware  et  al.  1993).  Furthermore, 
logging,  which  reached  its  peak  in  the  early  20th  century, 
may  have  left  remnant  stands  somewhat  enriched  with 
shade-intolerant  species,  such  as  loblolly  pine  (Pinus 
taeda\  water  oak  {Quercus  nigra),  and  sweetgum  {Liq- 
uidambar  siyraciflua).  Bottomland  areas  have  also  been 
logged,  but  species  composition  and  forest  structure  over 
large  areas  do  not  appear  greatly  different  than  in  remnant 
old-growth  forests  from  other  parts  of  the  Coastal  Plain 
(e.g.,  Congaree  Swamp  National  Monument,  South  Caro¬ 
lina). 

Long-term  Study  Sites 

Much  of  our  work  has  focused  on  three  permanent  study 
plots.  These  three  sites  represent  the  major  dry,  mesic,  and 
wet  forest  communities  of  the  Coastal  Plain  of  the  south¬ 
eastern  United  States  (Marks  and  Harcombe  1981; 
Christensen  1988;  Harcombe  et  al.  1993;  Ware  et  al.  1993). 
Sites  were  selected  to  be  as  undisturbed  as  possible,  in 
order  to  study  natural  patterns  of  forest  dynamics  rather 
than  responses  to  logging.  Although  this  objective  was  not 
entirely  achieved  and  may  not  be  possible  in  the  current 
landscape,  the  mesic  and  wet  sites  probably  do  not  differ 
greatly  from  old-growth  forest  in  most  ecologically  mean¬ 
ingful  parameters. 

The  dry  site  is  a  low  sandy  ridge  southeast  of  Warren, 
Texas,  adjacent  to  a  floodplain  in  the  Turkey  Creek  Unit 
of  the  Big  Thicket  National  Preserve.  The  vegetation  type 
is  Oak-Hickory-Pine  (Kiichler  1964)  or  Upper  Slope  Pine 
Oak  (Marks  and  Harcombe  1981).  The  dominant  hard¬ 
woods,  post  oak  {Quercus  stellata),  southern  red  oak 
(Quercus  falcata),  and  black  hickory  (Carya  texana),  form 
a  relatively  open  canopy  15-20  m  tall  below  emergent 
longleaf  pine  (Pinus  palustris),  loblolly  pine,  and  short- 
leaf  pine  (Pinus  echinata;  Table  5-1).  Red  maple  (Acer 
rubrum)  and  sweetgum  are  minor  canopy  components  that 
tend  to  occur  in  moist  microhabitats,  especially  along  the 
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Table  5-1.  Basal  area  (m^/ha)  and  annualized  percent  change  in  basal  area  for  the  three  study  sites.  Annual  percent  change  In  basal 
area  (BA)  Is  the  difference  between  current  and  Initial  basal  area  divided  by  the  initial  basal  area  and  the  number  of  years  since  the 
initial  basal  area  reading  (e.g.,  annual  percent  change  in  BA  for  Neches  Bottom=[BA94-BA80]/[BA80*(94-80)]. 


Turkey  Creek  (Dry) 

Wier  Woods  (Mesic) 

Neches  Bottom  (Wet) 

Species 

BA 

1993 

Annual  % 
change  in  BA 

BA 

1995 

Annual  % 
change  in  BA 

BA 

1994 

Annual  % 
change  in  BA 

Longleaf  pine 

6.069 

0.02 

- 

- 

- 

- 

Post  oak 

5.14 

0.00 

- 

- 

" 

■ 

Southern  red  oak 

4.91 

0.01 

0.11 

0.00 

- 

- 

Shortleaf  pine 

1.94 

0.01 

0.04 

-0.02 

- 

- 

Yaupon 

0.71 

1.07 

0.05 

0.09 

- 

- 

Flowering  dogwood 

0.19 

-0.02 

0.21 

0.02 

- 

- 

Bluejack  oak 

0.05 

-0.06 

- 

- 

- 

- 

Hickory 

1.54 

0.03 

- 

- 

- 

- 

Loblolly  pine 

4.31 

0.04 

11.90 

0.01 

- 

- 

White  oak 

0.15 

0.04 

3.65 

-0.01 

- 

- 

American  holly 

0.22 

1.52 

2.45 

0.04 

0.62 

-0.02 

Upland  laurel  oak 

0.13 

0.00 

1.40 

-0.01 

- 

Laurel  oak 

- 

- 

- 

- 

0.35 

0.06 

Southern  magnolia 

0.05 

- 

5.06 

0.01 

- 

- 

American  beech 

- 

- 

3.15 

-0.02 

- 

- 

White-bay  magnolia 

- 

- 

0.39 

0.02 

- 

- 

Blackgum 

0.04 

1.47 

1.34 

0.01 

0.99 

0.01 

Sweetgum 

0.87 

0.05 

1.54 

0.01 

6.74 

0.01 

Red  maple 

0.03 

0.51 

0.79 

0.01 

2.56 

0.00 

Water  oak 

- 

- 

2.08 

-0.03 

2.90 

0.03 

Swamp  chestnut  oak 

- 

- 

0.08 

0.01 

3.09 

0.01 

American  hornbeam 

- 

0.05 

-0.02 

2.76 

-0.04 

Baldcypress 

- 

- 

- 

- 

1.72 

0.03 

Swamp  blackgum 

- 

- 

- 

- 

1.61 

0.00 

Overcup  oak 

- 

- 

- 

- 

1.36 

0.02 

Water  hickory 

- 

- 

- 

- 

0.85 

-0.01 

American  elm 

Other 

Total 

0.53 

26.88 

0.54 

34.83 

0.66 

1.84 

28.05 

-0.02 

edges  of  the  study  plot.  The  understory  is  a  moderately 
dense  mixture  of  tree  saplings  and  shrubs;  flowering  dog¬ 
wood  {Cornus  florida)  and  yaupon  {Ilex  vomitoria)  are 
particularly  abundant,  and  saplings  of  most  tree  species 
are  common.  The  soil  is  sandy.  The  site  was  logged  in  1930, 
but  many  trees  of  considerable  age  remained  on  the  site  so 
the  stand  is  not  strongly  even-aged  (Harcombe  et  al.  1993; 
Kaiser  1995),  Prior  to  1930,  the  site  probably  burned  rela¬ 
tively  frequently,  judging  from  the  widespread  presence 
of  charcoal  on  stumps  and  the  importance  of  longleaf  pine, 
a  fire-adapted  species,  in  the  overstory.  Nevertheless,  hard¬ 
woods  probably  contributed  30-40%  of  stand  basal  area. 

Stand  basal  area  increased  from  21.7  m^/ha  in  1982  to 
26.2  mVha  in  1993,  a  compound  rate  of  increase  of  1.7% 
per  year.  Though  all  major  species  increased  in  absolute 
basal  area  (Table  5-1),  there  was  a  slight  decrease  in  rela¬ 
tive  dominance  for  three  of  the  four  major  species  (longleaf 
pine,  post  oak,  and  southern  red  oak)  and  an  increase  in 


relative  dominance  and  diversity  (14  new  species)  of  mi¬ 
nor  species  (Kaiser  1995).  These  trends  suggest  succes- 
sional  recovery  from  the  1930  logging  event  in  a  system 
in  which  fire  frequency  is  much  lower  than  it  was  prior  to 
logging.  The  dramatic  difference  in  species  composition 
between  the  prelogging  forest  and  the  forest  today  illus¬ 
trates  the  magnitude  of  the  effect  of  fire  on  the  pre- Anglo 
landscape. 

The  mesic  site  is  located  in  Wier  Woods  Preserve  (The 
Nature  Conservancy)  near  Lumberton,  Texas,  about  16  km 
north  of  Beaumont.  Forests  of  this  type  have  been  called 
Southern  Mixed  Hardwood  Forest  (Quarterman  and 
Keever  1962),  Beech-Magnolia-Holly  (Delcourt  and 
Delcourt  1977),  or  Lower  Slope  Hardwood  Pine  (Marks 
and  Harcombe  1981).  The  closed  canopy  of  tall  trees  (25- 
40  m)  is  dominated  by  loblolly  pine,  water  oak,  American 
beech  {Fagus  grandifolia),  southern  magnolia  {Magnolia 
grandiflora),  and  white  oak  {Quercus  alba).  Red  maple. 
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sweetgum,  and  black  gum  (Nyssa  sylvatica)  are  abundant 
as  small  to  medium  stems  but  are  infrequent  as  large  trees. 
American  holly  {Ilex  opaca),  flowering  dogwood,  and 
yaupon  are  important  understory  species.  The  soil  is  loamy. 
The  forest  was  logged  for  pine  once  in  about  1910  and 
there  appears  to  have  been  no  further  human  modification 
of  the  stand  (Glitzenstein  et  al.  1986). 

Hurricane  Bonnie  passed  over  Wier  Woods  on  June  26, 
1986.  Winds  at  that  time  were  estimated  at  120  km/hr 
(Neumann  et  al.  1993;  Doyle  and  Girod  1997).  Tree-ring 
analyses  (Glitzenstein  et  al.  1986)  suggested  earlier  epi¬ 
sodes  of  canopy  opening  in  1810,  1855,  and,  to  a  lesser 
extent,  in  the  mid-1960’s.  The  latter  episode  may  have  been 
caused  by  Hurricane  Carla  in  1961.  The  great  Galveston 
Hurricane  of  1900  (Bray  1901)  may  have  contributed  to 
canopy  disturbance  in  the  early  1900’s,  but  this  effect  was 
difficult  to  separate  from  the  effects  of  logging  disturbance. 

Basal  area  has  varied  between  33.7  m^/ha  and  35.1  mV 
ha  during  the  16-year  period  of  the  study.  Changes  in  indi¬ 
vidual  species  (Table  5-1)  reflect  a  variety  of  causes. 
Loblolly  pine  is  increasing  in  basal  area  because 
postlogging  recruits  have  reached  their  stage  of  maximum 
growth;  however,  it  is  a  shade-intolerant  species  which  is 
not  regenerating  in  the  stand  and  therefore  seems  destined 
to  decline  in  the  absence  of  future  major  canopy  opening. 
American  holly,  the  other  strongly  increasing  species,  is  a 
shade-tolerant  midstory  species  which  is  responding  to  light 
increases  as  the  postlogging  canopy  becomes  more  het¬ 
erogeneous.  Water  oak  and  American  beech  showed  the 
most  significant  declines.  Water  oak  is  a  relatively 
shade-intolerant,  somewhat  short-lived  species  that  might 
be  expected  to  decline  from  a  postlogging  position  of  domi¬ 
nance.  In  contrast,  American  beech  is  a  shade-tolerant  spe¬ 
cies  of  mature  forests  and  seems  to  be  declining  for  rea¬ 
sons  unrelated  to  stand  development.  Possible  explanations 
include  a  long-delayed  reaction  to  drought  in  the  1980’s  or 
increased  pathogen  invasions  due  to  structural  damage  by 
Hurricane  Bonnie. 

The  wet  site  is  on  the  floodplain  of  the  Neches  River, 
near  Evadale,  Texas,  in  the  Neches  Bottom  Unit  of  the  Big 
Thicket  National  Preserve.  The  Neches  River  drains  ap¬ 
proximately  26,000  km^  of  the  humid  forested  region  of 
southeast  Texas.  The  study  stand  is  a  mature  example  of 
Southern  Floodplain  Forest  (Kiichler  1964)  or  River  Flood- 
plain  Forest  (Marks  and  Harcombe  1981).  On  the  flats, 
widely  spaced,  large  individuals  of  sweetgum,  swamp  chest¬ 
nut  oak  (Quercus  michauxii),  water  oak,  and  red  maple 
dominate  the  somewhat  open  overstory  above  a  dense 
midcanopy  layer  of  American  hornbeam  (Carpinus 
caroliniana).  Under  intact  canopies,  the  shrub  layer  is  open, 
with  only  a  single  important  species,  possumhaw  {Ilex  de¬ 
cidua).  In  canopy  openings,  density  of  tree  saplings  (Hall 
1993)  or  herbs  (Mohler  1979)  can  reach  very  high  levels. 
Baldcypress  {Taxodium  distichum)  and  water  tupelo  {Nyssa 


aquatica)  are  commonly  found  in  the  sloughs.  The  transi¬ 
tion  between  slough  and  flat  vegetation  is  relatively  abrupt. 
Baldcypress  was  removed  along  the  sloughs  early  in  the 
century,  but  there  is  no  strong  evidence  for  subsequent  log¬ 
ging;  the  stand  appears  unevenly  aged,  with  oldest  indi¬ 
viduals  originating  before  1800. 

Distributions  of  seedlings,  saplings,  and  trees  on  this 
stand  are  all  related  to  elevation  (Streng  et  al.  1989;  Hall 
1993;  Hall  and  Harcombe  1997;  R.G.  Knox,  Goddard  Space 
Flight  Center,  Greenbelt,  Maryland,  unpublished  data). 
Saplings  also  showed  a  strong  tendency  to  occur  in  patches 
(Hall  1993).  The  soil  is  very  deep,  somewhat  poorly 
drained,  very  slowly  permeable  acidic  clay.  During  most 
of  the  year,  available  water  is  ample  and,  during  winter 
and  spring,  the  water  table  is  high,  at  a  depth  of  only  30- 
60  cm  most  years.  Maximum  flooding  during  the  forest 
long-term  study  occurred  in  1989  and  1992  (Fig.  5-1 ;  Hall 
1993). 

Total  basal  area  fluctuated  between  28.1  m^/ha  in  1980 
and  29.1  m%a  in  1989,  followed  by  a  5%  decline  to  27.7 
m%a  in  1994.  However,  there  were  trends  in  several  im¬ 
portant  species.  Sweetgum,  water  oak,  swamp  chestnut  oak, 
baldcypress,  and  overcup  oak  {Quercus  lyrata)  increased, 
while  American  holly,  American  elm  {Ulmus  americana), 
and  water  hickory  {Carya  aquatica)  decreased.  More  no¬ 
tably,  American  hornbeam,  a  very  important  midstory  spe¬ 
cies,  has  been  declining  since  the  study  began,  with  a  par¬ 
ticularly  precipitous  drop  of  nearly  50%  after  1989  due  to 
flood-related  mortality. 

One  of  the  strongest  indications  of  potential  direct  ef¬ 
fects  of  climate  change  on  composition  at  this  site  was  the 
strong  effect  of  the  severe  drought  in  1980  on  seedling 
composition,  recruitment,  and  mortality  at  the  wet  site 
(Streng  et  al.  1989).  Timing  of  mortality  within  the  1980 


Figure  5-1 .  Total  and  maximum  consecutive  days  flooded  for  the 
flats  at  the  wet  study  site,  1 920-90. 
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growing  season  was  closely  correlated  with  the  intensity 
of  drought  stress  as  measured  by  predawn  leaf  water 
potential  measurements.  Mortality  of  larger-seeded  spe¬ 
cies,  especially  oaks,  was  less  affected  than  was  mortality 
of  lighter-seeded  trees  such  as  sweetgum  and  American 
hornbeam.  This  difference  in  mortality  suggests  that  pro¬ 
longed  dry  periods  may  select  against  the  lighter- seeded 
trees,  leading  to  increased  dominance  by  oaks. 

Cross-site  Comparisons 

Each  of  the  three  intensive  study  sites  has  a  unique  his¬ 
tory  which  must  be  understood  if  information  of  general 
significance  regarding  mechanisms  of  forest  dynamics  and 
causes  of  forest  change  is  to  be  extracted  from  these  and 
other  case  studies.  Furthermore,  each  site  is  a  single, 
unreplicated  representative  of  its  habitat  type.  Therefore, 
caution  must  be  exercised  in  interpreting  the  results;  at¬ 
tempts  to  extract  generalizations  must  be  made,  but  these 
generalizations  should  serve  only  as  hypotheses  for  fur¬ 
ther  testing.  We  compare  and  contrast  patterns  in  mortal¬ 
ity,  sapling  dynamics,  and  stand  turnover  to  elucidate 
mechanisms  of  forest  dynamics  and  factors  influencing 


forest  change.  Knowledge  of  these  mechanisms  and 
factors  can  form  the  basis  for  predictions  about  global 
change  effects. 

Mortality 

At  the  dry  site,  mortality  loss  varied  by  a  factor  of  three 
over  the  period  of  record  (Fig.  5-2),  averaging  about  0.22 
m^/ha  per  year  (0.9%  of  live  basal  area).  There  were  no 
obvious  trends  or  event-related  peaks,  except  that  under¬ 
story  trees  showed  slightly  elevated  mortality  between  1987 
and  1993,  probably  owing  to  increased  canopy  density. 
Much  of  the  year-to-year  variation  in  overall  mortality  was 
related  to  chance  death  of  large  trees.  Turnover  time,  the 
time  it  would  take  to  replace  all  the  live  basal  area  if  new 
growth  were  equal  to  mortality,  was  108  years. 

At  the  mesic  site,  average  mortality  loss  was  higher  (0.55 
m%a  per  year;  1.5%  of  live  basal  area)  and  more  variable 
(eightfold  difference  between  maximum  and  minimum). 
Highest  mortality  (1.59  m%a;  4.3%  of  live  basal  area)  was 
associated  with  Hurricane  Bonnie  (Fig.  5-2),  which  hit  the 
stand  in  1986  (the  hurricane  actually  occurred  in  1986,  but 
since  it  occurred  after  the  mortality  survey  for  that  year, 


Figure  5-2.  Basal  area  loss  by  size  class  for  all  sites,  1980-96. 
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the  mortality  increase  is  reflected  in  the  1987  data). 
Post-hurricane  mortality  was  low  in  the  year  following  the 
hurricane;  such  reductions  have  been  attributed  to  reduced 
competition  (Waring  and  Schlesinger  1987).  Mortality  then 
showed  a  mean  peak;  others  have  postulated  that  such  peaks 
are  caused  by  slow  death  of  damaged  trees  (Putz  and  Sharitz 
1991).  To  quantify  the  role  of  hurricanes,  we  calculated 
the  overall  average  basal  area  loss  in  nonhurricane  years 
(0.49  m^/ha  per  year)  and  called  that  normal,  or  background, 
mortality.  Subtracting  that  average  from  the  average  of  all 
years  gave  the  amount  of  mortality  attributable  to  the  hur¬ 
ricane  (0.06  m^/ha  per  year),  approximately  one-eighth  of 
the  total  mortality.  Thus,  turnover  time  was  reduced  by  the 
hurricane  from  69  years  for  normal  mortality  alone  to  64 
years  overall.  When  we  consider  the  likelihood  that  not  all 
hurricanes  will  hit  this  stand  and  the  likely  variability  of 
hurricanes,  the  hurricane  effect  on  stand  structure  and  turn¬ 
over  reported  here  is  probably  a  high  estimate  (Bill  1995). 

At  the  wet  site,  average  annual  mortality  was  very  high 
(0.58  m%a  per  year;  2.1%  of  live  basal  area)  and  interme¬ 
diate  in  level  of  variation  (sixfold  difference  between  maxi¬ 
mum  and  minimum).  This  site  may  have  the  highest  turn¬ 
over  rate  ever  reported  for  a  well-developed,  mature  forest 
stand  in  the  eastern  United  States.  To  quantify  the  role  of 
flooding,  we  calculated  the  overall  average  basal  area  loss 
in  nonflood  years  (0.38  m%a  per  year)  and  called  that  nor¬ 
mal,  or  background,  mortality.  Subtracting  that  value  from 
the  average  over  all  years  gave  the  amount  of  mortality 
attributable  to  flooding  (0.19  m^/ha  per  year),  approxi¬ 
mately  one-third  of  the  total  mortality.  Thus,  flooding  sub¬ 
stantially  reduced  stand  turnover  time  from  131  years  for 
normal  mortality  alone  to  77  years  for  all  sources  of  mor¬ 
tality.  This  estimate  of  the  flood  effect  must  be  considered 
tentative  due  to  the  relatively  short  duration  of  the 
record. 

There  were  four  cases  of  a  strong  species  decline  in  basal 
area  at  the  three  sites  (Table  5-1)  owing  to  relatively  high 
mortality  over  a  short  period.  The  most  interesting  case 
involves  American  hornbeam  (wet  site);  considering  that 
there  have  been  many  floods  of  similar  magnitude  and  du¬ 
ration  over  the  100-year  period  of  record,  the  high  death 
following  the  1989  flood  is  somewhat  puzzling.  The  ex¬ 
planation  may  lie  in  alterations  of  the  flow  regime  caused 
by  construction  of  dams  50-80  km  north  of  the  study  site 
in  1951  and  1965.  Those  dams  substantially  increased  the 
average  number  of  years  between  long  growing- season 
floods  (Streng  1986;  Hall  1993;  Hall  and  Harcombe  1997). 
A  consequence  of  this  reduced  flooding  could  have  been 
expansion  of  the  American  hornbeam  population  beginning 
in  the  1950’s,  at  least  partly  in  formerly  flood-prone 
areas.  Thus,  the  population  may  have  been  much  larger 
and  much  more  susceptible  to  a  long-duration 
growing-season  flood  like  that  of  1989  because  of  the  long 
period  of  low  growing-season  flooding.  The  implication  is 


that  the  altered  flow  regime  has  made  both  mortality  and 
population  expansion  more  variable. 

Of  the  other  species  showing  declines,  two  species  may 
be  declining  due  to  successional  change.  At  the  dry  site, 
increasing  overstory  density  is  probably  causing  the  sup¬ 
pression  and  death  of  bluejack  oak  (Quercus  incana),  a 
short,  slow-growing,  shade-intolerant  species.  At  the  mesic 
site,  the  decline  in  water  oak,  a  mid-successional,  relatively 
shade-intolerant  species,  could  possibly  be  explained  in 
terms  of  the  relatively  synehronous  death  of  the  70-year-old 
postlogging  cohort.  However,  there  is  little  evidence  for 
this  kind  of  synchrony  in  mixed  forests  of  North  America, 
and  others  have  reported  greater  longevity  for  this  species 
(Bums  and  Honkala  1990),  so  the  successional  interpreta¬ 
tion  must  be  considered  tentative.  One  species,  American 
beech  (mesic  site),  demonstrated  a  marked  decline  for  no 
clear  reason.  Since  it  is  a  dominant  species  on  the  mesic 
site  and  on  similar  sites  across  the  southeastern  United 
States,  its  decline  warrants  additional  investigation. 

At  the  stand  level,  several  observations  can  be  made. 
First,  mortality  rates  were  higher  and  basal  area  turnover 
times  were  lower  at  the  mesic  and  wet  sites  than  at  the  dry 
site.  This  difference  presumably  reflects  the  higher  pro¬ 
ductivity  at  sites  where  moisture  and  nutrients  are  less  lim¬ 
iting.  Second,  there  were  fairly  large  differences  between 
the  sites  in  distribution  of  mortality  among  the  classes  of 
diameter  at  breast  height  (dbh;  Fig.  5-2).  At  the  dry  site, 
only  24%  of  the  basal  area  loss  occurred  in  trees  greater 
than  30  cm  dbh,  compared  to  69%  at  the  mesic  site  and 
39%  at  the  wet  site.  These  differences  in  composition  of 
mortality  probably  reflect  differences  among  sites  in  stand 
stmcture  (smaller  average  dbh  at  the  dry  site,  for  example, 
or  the  importance  of  a  small  tree,  American  hornbeam,  at 
the  wet  site)  and  disturbance  regime  (higher  mortality  of 
large  trees  in  the  hurricane-impaeted  stand).  Third,  the 
magnitude  of  year-to-year  variation  was  fairly  low;  mor¬ 
tality  varied  by  a  factor  of  three  at  the  dry  site,  eight  at  the 
mesic  site,  and  six  at  the  wet  site.  Fourth,  the  two  observed 
stand-level  perturbations,  the  hurricane  at  mesic  site  and 
the  floods  at  the  wet  site,  had  strong  effects  on  the  mortal¬ 
ity  patterns.  In  the  case  of  flooding,  this  effect  was  spread 
over  several  years;  for  the  hurricane,  mortality  was  much 
more  strongly  concentrated,  as  might  have  been  expected. 
Although  basal  area  loss  was  high  in  disturbance  years,  it 
was  low  in  comparison  to  background  mortality  when  each 
was  averaged  over  the  whole  period  of  record.  The  fact 
that  the  hurricane  disturbed  only  one  of  the  three  stands, 
all  of  which  were  in  or  near  its  path,  is  a  useful  reminder 
of  the  high  variability  in  space  and  time  of  major  climatic 
perturbations. 

Interpretation  of  the  mortality  records  for  the  three  sites 
involves  three  kinds  of  explanation:  species-  or  stand-level 
trends  related  to  postlogging  successional  processes  (dry 
and  mesic  sites),  species-  or  stand-level  trends  related  to 
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particular  perturbations  (mesic  and  wet  sites),  and  normal 
or  background  mortality.  Identification  of  these  processes 
makes  detection  of  future  changes  in  mortality  that  might 
be  related  to  climate  change  possible;  long-term  records 
which  allow  comparisons  between  species  and  between 
sites,  such  as  the  ones  accumulated  in  this  study,  provide 
the  baseline  for  detection  of  effects  of  global  change.  Also, 
the  quantitative  data  reported  here  allow  us  to  make  some 
assessment  of  the  potential  for  change.  For  example,  the 
high  rates  of  natural  turnover  indicate  that  these  forests 
will  respond  rapidly  to  climate  change,  and  if  hurricanes 
and  floods  increase  in  frequency  and  intensity  as  a  result 
of  global  warming,  forest  turnover  rate  may  be  even  more 
rapid.  If  higher  mortality  is  not  offset  by  higher  growth, 
standing  biomass  of  the  forests  may  decline. 

Sapling  and  Seedling  Dynamics 

At  the  dry  site,  saplings  have  been  declining  (Fig.  5-3), 
owing  largely  to  a  decline  in  loblolly  pine  following  a  pulse 
of  recruitment  in  the  1970’s.  The  recruitment  pulse  is  at¬ 
tributed  to  reduction  in  competition  by  a  ground  fire  or 
selective  logging  (Harcombe  et  al.  1993).  In  contrast  to 
the  overall  decline,  five  species  poorly  represented  in  the 
overstory  but  typical  of  mesic  sites  (southern  magnolia, 
sweetgum,  American  holly,  red  maple,  and  upland  laurel 
oak  [Quercus  laurifolia])  showed  peak  densities  in  the 
1980’s  as  small  saplings  (Fig.  5-3).  As  these  saplings  grew 
larger,  they  moved  into  the  large  sapling  class,  which  lev¬ 
eled  off  recently  (Fig  5-3).  Trends  for  seedlings  (woody 
stems  less  than  50  cm  tall)  were  similar  to  those  for  sap¬ 
lings,  showing  declines  in  dry-site  species  and  increases 
in  mesic  species.  The  greatest  declines  were  experienced 
by  species  typical  of  open,  longleaf  pine  savannas  or  wood¬ 
lands,  including  longleaf  pine,  bluejack  oak,  and  deerberry 
(Vaccinium  stamineum;  Table  5-2).  Seedlings  of  canopy 
trees  typical  of  somewhat  less  frequently  burned 
oak-hickory  woodlands  and  dry  sites  (post  oak,  southern 
red  oak,  mockernut  hickory  [Carya  alba],  and  black 
hickory)  also  declined  but  not  quite  as  precipitously.  In 
contrast,  seedlings  of  mesic  species  showed  dramatic  in¬ 
creases  (e.g.,  yaupon,  which  increased  fourfold). 

At  the  mesic  site,  sapling  density  has  increased  gradu¬ 
ally  over  the  period  of  record  (Fig.  5-3);  southern  magno¬ 
lia  accounts  for  much  of  the  increase.  This  increase  may 
be  partly  attributable  to  an  increase  in  canopy  heterogene¬ 
ity  in  the  postlogging  forest  as  a  consequence  of  larger  mean 
dbh  of  dying  canopy  trees  (Bill  1995).  There  was  no  strong 
increase  in  small  saplings  in  the  years  following  Hurricane 
Bonnie,  in  marked  contrast  to  the  response  observed  for 
Hurricane  Kate  at  Woody ard  Hammock  in  Florida  (W.J. 
Platt,  Louisiana  State  University,  unpublished  data)  and  to 
our  own  reconstructions  of  recruitment  pulses  at  the  mesic 
site  following  earlier  periods  of  enhanced  canopy  opening 
(Glitzenstein  et  al.  1986).  Nevertheless,  Hurricane  Bonnie 


appears  to  have  promoted  recruitment  of  three  species, 
Chinese  tallow  {Sapium  sebiferum),  loblolly  pine,  and  white 
oak  (Fig.  5-3).  The  first  is  an  exotic  invader,  the  second  is 
a  native  light-demanding  species,  and  the  third  is  a  com¬ 
mon  tree  of  intermediate  shade  tolerance  in  mesic  forests 
that  has  shown  low  recruitment  in  recent  years  (Harcombe 
and  Marks  1983;  Glitzenstein  et  al.  1986;  Bill  1995). 

At  the  wet  site,  sapling  populations  showed  dramatic 
change  as  well  (Fig.  5-3).  Small  saplings  increased  by  a 
factor  of  five  to  a  peak  in  1989,  declined,  and  then  began 
to  increase  again  following  the  pulse  of  midstory  Ameri¬ 
can  hornbeam  death.  Large  saplings  began  to  increase 
somewhat  later  and  were  still  increasing  in  1995.  Most  of 
the  increases  were  concentrated  in  a  few  species:  sweetgum, 
water  oak,  and  American  hornbeam  for  the  small  saplings 
and  sweetgum,  water  oak,  Chinese  tallow,  and  laurel  oak 
for  the  large  saplings  (Fig.  5-3).  The  increase  in  Chinese 
tallow  is  of  particular  interest  since  it  is  an  exotic  gap  in¬ 
vader.  It  increased  by  a  factor  of  30  between  1981  and 
1995.  It  should  be  noted,  however,  that  the  increase  in  the 
native  dominants,  sweetgum  (27x)  and  water  oak  (16x)  was 
also  dramatic. 

These  increases  in  saplings  at  the  wet  site  may  be  due 
to  a  change  in  the  long-term  flood  pattern  (Fig.  5-1);  the 
period  1975-89  was  the  longest  period  of  low  flooding 
observed  since  recording  began  in  1921.  The  implication 
is  that  frequency  of  long-duration  floods  strongly  controls 
sapling  recruitment  in  floodplains  by  limiting  regenera¬ 
tion  to  infrequent  flood-free  intervals  and  to  areas  of  high 
light  availability  in  gaps.  These  large-scale  temporal  pat¬ 
terns  are  superimposed  on  year-to-year  variation  in  seed¬ 
lings  (Streng  et  al.  1989)  and  saplings  (Hall  1993)  caused 
by  flooding.  Our  results  suggest  that  human  action  has  al¬ 
tered  the  hydrologic  regime  such  that  overall  structure  of 
the  forest  will  shift  towards  an  increasingly  dense  shrub 
layer  and  possibly  towards  greater  importance  of 
slower-growing,  relatively  shade-tolerant  species  in  the 
postdam  era  when  flood  frequency  is  lower.  Since  upland 
species  (e.g.,  American  beech,  sweetbay  [Magnolia 
virginiana],  and  loblolly  pine)  are  known  to  occur  on  levees 
and  other  natural  high  spots  in  the  river  floodplain,  they 
may  begin  to  increase  as  well;  such  species  would  be  ex¬ 
cluded  by  a  normal  flood  regime  (see  Jones  et  al.  1994). 

At  all  three  sites,  increases  in  sapling  numbers  are  tied 
to  disturbances  in  the  recent  past.  At  two  of  the  sites  (dry 
and  mesic),  the  disturbance  was  superimposed  upon  a  pat¬ 
tern  of  stand  recovery  from  prior  logging.  Human  action 
appears  to  have  changed  natural  processes  more  at  the  dry 
site  (altered  fire  regime)  and  the  wet  site  (altered  flood 
regime)  than  at  the  mesic  site.  Nevertheless,  because  the 
disturbances  were  characteristic  for  the  sites  (i.e.,  fire  at 
the  dry  site,  flooding  at  the  wet  site,  and  a  hurricane  at  the 
mesic  site),  some  general  interpretation  is  warranted.  Most 
important,  fire  and  flood  are  similar  in  that  they  affect 
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Table  5-2:  Changes  over  time  in  relative  densities  of  greater  than  1 -year-old  woody  seedlings  (stems  less  than  50  cm  tall)  in 
1 00  1  m  by  1  m  plots  at  the  dry  study  site.  All  species  having  5  or  more  stems  in  any  census  period  are  listed. 


A.  Shade-intolerant  species  adapted  to  frequent  fire 


1980 

1981 

1982 

1983 

1984 

1995 

Wax  myrtle 

0.6 

0.7 

1.0 

1.0 

0.8 

0.2 

Longleaf  pine 

7.1 

5.1 

3.6 

2.8 

2.5 

0.0 

Shortleaf  pine 

1.7 

1.5 

1.4 

1.2 

0.9 

0.2 

Bluejack  oak 

3.7 

4.3 

4.2 

3.3 

2.1 

0.2 

Blackjack  oak 

0.4 

0.6 

0.6 

0.6 

0.7 

0.0 

Deerberry 

8.8 

9.1 

9.3 

9.0 

6.2 

2.6 

B.  Somewhat  less  shade-intolerant  species  adapted  to  occasional  fire 

1980 

1981 

1982 

1983 

1984 

1995 

Hickory 

2.7 

2.8 

2.9 

2.8 

2.4 

1.2 

Flowering  dogwood 

6.4 

5.6 

4.7 

5.4 

4.4 

4.2 

Loblolly  pine 

17.1 

13.8 

9.1 

8.7 

27.1 

7.7 

Southern  red  oak 

4.1 

4.7 

3.9 

4.1 

3.6 

2.9 

Post  oak 

16.1 

13.2 

16.2 

14.1 

9.9 

5,6 

Sassafras 

9.5 

9.9 

10.5 

10.8 

9.4 

4.4 

Farkleberry 

0.1 

0.0 

0.1 

0.3 

0.2 

1.0 

C.  Shade  tolerant,  mostly  fire-intolerant  species 

1980 

1981 

1982 

1983 

1984 

1995 

Red  maple 

2.7 

3.5 

3.3 

3.2 

3.3 

3.9 

American  holly 

1.1 

1.3 

1.1 

1.4 

1.3 

2.9 

Yaupon 

9.8 

16.2 

20.8 

22.1 

16.1 

41.2 

Sweetgum 

0.9 

0.7 

1.3 

1.2 

1,4 

1.3 

Southern  magnolia 

0.4 

0.4 

0.7 

0.6 

0.5 

0.9 

Red  bay 

0.9 

0.9 

0.7 

1.2 

1.4 

3.4 

White  oak 

0.0 

0.0 

0.0 

0.0 

0.0 

1.0 

Upland  laurel  oak 

0.4 

0.4 

0.6 

0.8 

0.7 

1.3 

Carolina  buckthorn 

0.0 

0.0 

0.0 

0.0 

0.0 

4.5 

Total  Individuals 

704 

681 

718 

780 

920 

68 

saplings  more  strongly  than  they  affect  trees,  given  the 
relatively  high  frequency  and  low  intensity  of  these  events 
in  habitats  like  these  in  the  southeastern  United  States. 

The  immediate  consequence  of  intervals  without  fire  or 
flood  was  a  substantial  pulse  of  recruitment  at  the  two  sites. 
At  the  dry  site,  however,  the  most  successful  recruits  were 
not  current  site  dominants;  this  implies  future  successional 
change.  At  the  wet  site,  the  recruits  were  of  the  dominant 
species,  which  implies  compositional  stability.  The  differ¬ 
ence  may  be  that  successional  replacement  is  prevented  by 
soil  anoxia  for  much  of  the  winter  at  the  wet  site,  which 
kills  seedlings  of  mesic  species,  whereas  summer  drought 
at  the  dry  site  is  not  so  extreme  as  to  kill  seedlings  of  the 
mesic  species.  Alternatively,  such  differences  may  have  to 
do  with  dispersal  distance  (Schmeda  and  Ellner  1984).  The 
dry  site  is  in  a  topographically  complex  upland  with  mesic 


habitats  nearby  that  are  a  ready  source  of  seeds,  whereas 
the  wet  site  is  in  a  large,  homogeneous  river  bottom¬ 
land,  which  is  at  some  distance  from  a  source  of  seeds  of 
mesic  species. 

In  contrast  to  the  wet  and  the  dry  sites,  the  mesic  site 
showed  only  modest  fluctuations  in  sapling  populations, 
in  spite  of  the  hurricane.  This  lesser  response  to  distur¬ 
bance  is  surely  related  in  part  to  the  relatively  minor  level 
of  damage  inflicted  by  the  hurricane,  but  it  may  also  be 
influenced  by  the  nature  of  the  mesic  upland  system.  Since 
neither  fire  nor  flood  is  commonly  part  of  these  systems,  a 
dense  and  diverse  shrub-sapling  layer  is  characteristically 
present,  which  will  respond  to  perturbations  by  acceler¬ 
ated  growth  of  preexisting  individuals  in  newly  formed 
gaps  rather  than  by  recruitment  of  a  new  cohort.  Even  in 
the  absence  of  a  dense  shrub-sapling  layer,  stand-opening 


54  BIOLOGICAL  SCIENCE  REPORT  USGS/BRD/B SR- 1 998-0002 


events  would  not  necessarily  change  conditions  in  ways 
that  would  favor  species  from  either  wetter  or  drier  habi¬ 
tats  like  the  long-term  changes  in  fire  and  flooding  at  the 
other  two  sites.  If  hurricanes  were  to  become  more  fre¬ 
quent  or  more  severe  because  of  global  warming,  such  a 
regime  would  favor  mobile,  fecund  species  like  loblolly 
pine  or  the  shade-intolerant,  fast-growing  species  of  the 
wet  sites  (sweetgum,  water  oak)  and  would  undoubtedly 
reverse  the  successional  decline  in  loblolly  pine  and  water 
oak  that  seems  imminent  for  this  stand. 

The  invasion  of  an  exotic  woody  species,  Chinese  tal¬ 
low,  illustrates  the  strong  effect  of  edaphic  conditions  in 
determining  invasion  potential;  Chinese  tallow  is  virtually 
absent  from  the  dry  site,  probably  because  the  species  is 
highly  moisture-demanding.  The  Chinese  tallow  invasion 
also  illustrates  the  effect  of  stand  stmcture  on  the  invasibility 
of  a  system.  Compared  to  the  mesic  site,  the  wet  site  expe¬ 
rienced  invasion  much  earlier  because  of  the  open  under¬ 
story;  invasion  of  the  mesic  site  began  only  after  canopy 
disruption  by  the  hurricane. 

Aside  from  the  effects  of  perturbations,  there  were  pre¬ 
dictable  differences  in  overall  rates  of  seedling  and  sap¬ 
ling  recruitment  at  the  three  sites.  Seedling  appearance  rates 
were  highest  at  the  wet  site,  intermediate  at  the  mesic  site, 
and  lowest  at  the  dry  site,  presumably  because  of  a  combi¬ 
nation  of  higher  fecundity  of  individuals  where  moisture 
is  less  limiting,  as  well  as  higher  germination  and  early 
survival  rates  in  moister  soils.  In  contrast,  small  sapling 
recruitment  was  highest  at  the  wet  site,  intermediate  at  the 
dry  site  (but  only  because  of  a  strong  pine  pulse),  and  low¬ 
est  at  the  mesic  site.  The  low  small  sapling  recruitment  at 
the  mesic  site  may  be  attributed  to  heavy  shade  from  the 
dense  shrub-sapling  layer. 

These  trends  imply  that  the  response  of  vegetation  on 
contrasting  sites  to  climate  change  would  vary  because  of 
differences  in  recruitment.  Since  many  factors  are  involved 
in  the  recruitment  process  (distance  to  potential  source  trees 
and  differences  in  fecundity,  vagility,  viability,  and  seed¬ 
ling  survivorship),  not  to  mention  other  processes,  the  na¬ 
ture  of  the  response  could  be  difficult  to  predict,  especially 
since  some  of  the  factors  might  change  in  offsetting  ways, 
while  other  changes  would  be  additive  or  multiplicative. 
However,  the  trends  we  observed  in  saplings  suggest  that 
the  net  result  may  be  a  reduction  in  the  degree  of  composi¬ 
tional  variation  across  the  landscape. 

Overall  Stand  Dynamics  and  Vegetation 
Response  Time 

Only  modest  changes  in  tree  basal  area,  density,  and 
species  composition  were  observed  at  the  three  sites;  these 
changes  were  mostly  explainable  in  terms  of  successional 
change  following  logging  or  alterations  in  flood  or  fire 
regimes.  In  contrast,  the  sapling  and  seedling  layers 


varied  more,  apparently  in  response  to  recent  disturbances, 
which  suggests  strong  sensitivity  to  global  warming  by  way 
of  its  effect  on  the  disturbance  regime.  For  the  dry  stand, 
autogenic  succession  is  the  dominant  process,  particularly 
in  the  subcanopy  strata.  Nevertheless,  the  stand  may  well 
be  sensitive  to  climate  change  since  the  successional  pro¬ 
cess  could  be  accelerated  by  increased  storm  activity  which 
could  kill  canopy  trees  and  thereby  accelerate  succession 
to  a  mesic,  less  fire-dependent  community  type 
(Glitzenstein  and  Harcombe  1988;  Liu  et  al.  1997).  On  the 
other  hand,  succession  could  be  reversed  by  increased 
drought  severity;  drought  could  kill  mesic  juveniles  directly 
via  water  stress  or  indirectly  via  increased  fire  frequency 
(e.g.,  Glitzenstein  et  al.  1995).  The  indirect  effects  could 
equal  or  exceed  the  magnitude  of  the  direct  effects. 

For  the  mesic  stand,  which  may  be  close  to  a  long-term 
steady  state,  the  effect  of  the  hurricane  on  recruitment  in¬ 
dicates  that  the  stand  will  also  be  sensitive  to  a  changing 
climate.  In  such  communities,  one  likely  effect  of  global 
warming  would  be  to  increase  the  disturbance  rate  and 
thereby  to  maintain  the  importance  of  loblolly  pine,  water 
oak,  and  white  oak,  as  well  as  promote  invasion  by  exotic 
woody  species  like  Chinese  tallow.  If  the  decline  in  Ameri¬ 
can  beech  is  somehow  related  to  global  warming,  the  re¬ 
sponse  of  sites  like  this  one  may  be  much  greater. 

In  the  wet  forest,  global  change  effects  are  harder  to 
predict,  since  they  might  involve  increases  in  frequency 
and  intensity  of  both  floods  and  droughts.  It  seems  likely 
that  the  flooding  effect  would  prevail,  however,  possibly 
reversing  the  changes  set  in  motion  by  human  alteration  of 
the  hydrologic  regime. 

Vegetation  can  respond  to  climate  either  by  changes  in 
local  abundance  caused  primarily  by  differential  effects  of 
climate  on  growth  and  regeneration  (Type  A  response)  or 
by  changes  in  range  limits  (Type  B  response;  Webb  1986). 
Our  monitoring  results  apply  to  the  Type  A  response  re¬ 
lated  to  regeneration.  Melillo  et  al.  (1996)  cite  four  forest 
studies  reporting  response  times  of  30-150  years 
(MacDonald  et  al.  1993;  Mayle  and  Cwynar  1995;  Gear 
and  Huntley  1991;  Zackrisson  et  al.  1995).  Campbell  and 
Me  Andrews  (1993)  cite  a  successional  response  in  Ontario 
of  dieback  with  a  slow  response  time  of  several  centuries  due 
to  tree  longevity.  In  our  study,  the  response  times  reported 
are  short  (turnover  times  of  69-108  years)  because  of  rela¬ 
tively  short  life  spans,  rapid  recruitment,  and  high  growth  rates. 
Because  of  the  similarity  of  vegetation  across  the  south¬ 
eastern  United  States,  these  response  times  probably  ap¬ 
ply  to  similar  stands  throughout  the  region.  If  a  climate 
change  effect  were  primarily  to  alter  the  competitive  bal¬ 
ance  among  species  by  differentially  changing  growth  or 
recruitment  rates,  we  would  expect  a  slow,  gradual  vegeta¬ 
tion  response.  Alternatively,  if  climate  change  primarily  af¬ 
fected  the  disturbance  regime  a  much  more  rapid  response 
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would  be  predicted,  involving  shifts  in  species  composi¬ 
tion  (greatest  shifts  on  dry  sites,  intermediate  shifts  on  mesic 
sites,  low  shifts  on  wet  sites).  These  results,  based  on  field 
data,  support  the  suggestion  that  southern  forests  are  sen¬ 
sitive  to  climate  change  (Urban  and  Shugart  1990),  but  it 
is  too  early  to  speculate  on  the  magnitude  of  the  im¬ 
pact. 

Pattern  and  Process 

In  addition  to  the  general  picture  of  stand  dynamics  and 
the  relationship  to  the  flood  regime  that  has  developed  as 
part  of  the  long-term  study,  we  have  analyzed  the  fine-scale 
temporal  and  spatial  patterns  of  stand  dynamics.  One  ele¬ 
ment  of  this  analysis  (Hall  and  Harcombe  1998)  examines 
the  interaction  of  flooding  and  light  availability  in  deter¬ 
mining  spatial  patterns  of  tree  saplings. 

Flood  and  Shade  Tolerance 

Continuum  theory  suggests  that  species  will  be  assorted 
along  an  environmental  gradient  in  an  order  which  reflects 
their  realized  niches  with  respect  to  the  varying  environ¬ 
mental  condition.  Where  two  gradients  are  present,  the 
expectation  is  that  direct  gradient  ordination  techniques 
will  recover  the  ordering  of  species  on  both.  Many  authors 
have  assessed  either  flood  tolerance  (Teskey  and  Hinckley 
1977;  McKnight  et  al.  1981;  Wharton  et  al.  1982;  Mitsch 
and  Gosselink  1986)  or  shade  tolerance  (McKnight  et  al. 
1981;  Bums  and  Honkala  1990)  for  most  of  the  dominant 
tree  species  found  at  the  wet  site.  Thus,  at  least  for  those 
two  variables,  it  is  possible  to  create  a  model  of  expecta¬ 
tions  representing  a  null  hypothesis  for  the  ordering  of 
major  tree  species  along  these  two  gradients. 

We  took  hemispherical  photos  at  the  centers  of  each  of 
100  20-  by  20-m  plots  in  the  stand  to  estimate  light  avail¬ 
ability  using  SOLARCALC  (Chazdon  and  Field  1987a,b), 
which  is  a  computerized  version  of  the  Anderson  (1964) 
method.  Soil  texture  and  nutrients  were  measured  for  100 
points  across  the  stand.  Values  for  all  environmental  vari¬ 
ables  were  estimated  for  each  plot  using  block  kriging 
(GEO-EAS;  Englund  and  Sparks  1988). 

We  conducted  correspondence  analysis  (CA),  a  form  of 
indirect  gradient  analysis  (Hill  1974),  on  mean  sapling 
abundance  over  10  years  from  15  randomly  located  per¬ 
manent  plots.  There  were  19  species  of  woody  saplings 
found  in  the  plots.  The  mean  number  of  individuals  of  each 
species  in  each  plot  was  the  response  variable.  The  CA 
was  used  to  determine  the  total  amount  of  variation  which 
could  be  explained  by  unconstrained  ordination  techniques. 
We  determined  the  number  of  stable  axes  using  a  scaled 
rank  variance  (SRV)  statistic  (Knox  and  Peet  1989).  Ca¬ 
nonical  correspondence  analysis  (CCA;  Ter  Braak  1987; 
Ter  Braak  and  Prentice  1988),  a  form  of  direct  gradient 
analysis,  was  then  used  to  examine  the  portion  of  variation 
in  species  composition  that  could  be  explained  by  changes 


in  the  environmental  variables.  There  were  eight  environ¬ 
mental  variables  available  for  use  in  the  model  either  to 
constrain  the  axes  or  as  co variables:  elevation,  weighted 
percent  sky,  percent  sand,  percent  clay,  available  phospho¬ 
rus,  available  iron,  available  calcium,  and  available  nitrate. 

For  the  indirect  gradient  analysis  (CA),  the  first  four 
axes  accounted  for  75%  of  the  total  variation.  Axis  1  was 
correlated  with  elevation  (r  =  -0.95),  while  Axis  2  was  cor¬ 
related  with  percent  sky  (r  =  -0.76).  Monte-Carlo  tests  (Ter 
Braak  1987)  showed  that  both  correlations  were  signifi¬ 
cant  (p  =  0.01  and  p  =  0.02,  respectively). 

Comparison  of  first  axis  ranking  of  species  with  flood 
tolerance  rankings  obtained  from  the  literature  shows  sub¬ 
stantial  agreement,  indicating  that  elevation  is  a  surrogate 
for  flood  tolerance. 

In  contrast,  comparison  of  second  axis  ranking  with  spe¬ 
cies  shade  tolerance  rankings  obtained  from  the  literature 
shows  little  correspondence  between  position  on  the  light 
gradient  and  species  shade- tolerance  rankings.  Several  of 
the  most  shade-tolerant  species  (American  holly,  water-elm 
[Planera  aquatica],  and  American  elm)  are  placed  on  the 
high  light  end  of  the  light  gradient.  There  are  at  least  two 
possible  explanations  for  this  discrepancy.  First,  there  is 
some  disagreement  in  the  literature  about  the  shade  toler¬ 
ance  of  the  species  listed  here  (especially  laurel  oak).  How¬ 
ever,  it  is  unlikely  that  significant  disagreement  extends  to 
all  species,  especially  those  considered  most  shade  toler¬ 
ant.  Second,  there  may  be  interactions  for  some  species 
between  shade  tolerance  and  other  environmental  variables 
such  as  flooding  or  moisture  availability. 

Our  data  indicate  the  existence  of  such  interactions:  spe¬ 
cies  were  assorted  across  a  gradient  of  canopy  openness, 
but  not  in  accordance  with  their  shade  tolerance.  The  in¬ 
teractions  acted  to  limit  the  success  of  at  least  some 
shade-tolerant  species  in  the  highly  stressful  floodplain 
environment  with  both  frequent  flooding  and  shade.  These 
interactions  can  be  illustrated  using  a  matrix  to  compare 
shade-tolerance  rankings  to  position  on  the  light  gradient 
(Table  5-3).  The  null  expectation  would  be  that  species 
should  fall  primarily  along  a  single  diagonal.  However, 
many  species  were  shifted  away  from  the  diagonal.  Appar¬ 
ently,  flood  tolerance  may  allow  persistence  of  some  spe¬ 
cies  under  lower  light  conditions  than  normal,  while  flood 
intolerance  may  limit  some  normally  shade-tolerant  spe¬ 
cies  to  higher  light  conditions  where  growth  is  fast  enough 
to  allow  escape  from  the  flooding  hazard  (Fulton  1991). 
The  movement  of  almost  all  of  the  shade-tolerant  species 
to  higher  light  conditions  suggests  that  it  is  difficult  to  sur¬ 
vive  both  flooding  and  low  light  conditions. 

Our  results  support  the  conclusions  of  Menges  and 
Waller  (1983)  that  the  combination  of  flooding  and  low 
light  is  so  severe  that  few  species  can  adapt  to  it.  This  con¬ 
clusion  may  explain  the  sparse  understory,  which  is  charac¬ 
teristic  of  most  southern  floodplain  forests  (Wharton 
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Table  5-3.  Light  gradient  position  of  Neches  Bottom  species  compared  to  expected  shade  tolerance  (from  Hall  and 
Harcombe  1998). _ 


Shade  tolerance 

Light  Gradient  Position  (Actual  Position) 

(Predicted  position) 

Low 

Intermediate 

High 

Tolerant 

Hackberry 

Red  maple 

American  hornbeam 

American  holly 
Water  elm 
American  elm 

Intermediate 

Intolerant 

Carolina  ash 
Sycamore 
Blackgum 
Baldcypress 

Laurel  oak 

Water  hickory 

Overcup  oak 

Basket  oak 

Water  oak 
Sweetgum 
Cherrybark  oak 

et  al.  1982),  as  well  as  the  dominance  of  shade-intolerant 
species  (e.g.,  sweetgum  and  water  oak)  noted  in  this  study. 
Jones  et  al.  (1995)  also  suggested  that  flooding  prevents 
successional  replacement  of  shade-intolerant  species  by 
shade-tolerant  species.  Our  results  further  indicate  that  light 
is  important  in  determining  within- stand  patterns  of  plant 
occurrence,  as  shown  previously  for  herbs  (Menges  and 
Waller  1983)  and  tree  seedlings  (Streng  et  al.  1989;  Jones 
and  Sharitz  1990;  Jones  et  al.  1995).  Species  were  assorted 
across  a  gradient  of  light  availability,  but  the  basis  for  this 
assorting  was  not  shade  tolerance  alone.  Instead,  the  or¬ 
dering  may  reflect  species-specific  tradeoffs  between  light 
requirements  and  flood  tolerance. 

Growth  Responses 

One  of  the  goals  of  this  research  was  to  determine 
whether  sapling  growth  showed  year-to-year  variation  that 
might  be  related  to  variation  in  annual  rainfall  or  tempera¬ 
ture.  The  rationale  was  that  strong  response  to  variation  in 
these  climate  variables  at  this  time  scale  would  be  presump¬ 
tive  evidence  that  forests  of  the  region  would  be  sensitive 
to  climate  change  occurring  over  decades.  In  this  section, 
we  report  the  results  from  an  analysis  of  sapling  growth  at 
the  three  study  sites  from  1980-1994  and  the  results  of  a 
more  detailed  study  of  the  wet  site  from  1980-1989  (Hall 
1993)  for  small  saplings  (50  cm  tall  to  less  than  140  cm 
tall)  and  large  saplings  (greater  than  0.0  cm  dbh  to  less 
than  4.5  cm  dbh).  The  climatic  variable  selected  for  initial 
screening  was  the  Palmer  Drought  Severity  Index  (PDSI) 
from  Cook  et  al.  (1997). 

The  overall  rate  of  sapling  growth  varied  significantly 
among  sites  (pairwise  median  test);  median  growth  was  5 
cm  per  year  at  the  wet  site,  3  cm  per  year  at  the  mesic  site, 
and  2  cm  per  year  at  the  dry  site.  There  was  no  apparent 
correlation  of  the  annual  growth  values  pooled  across  sites 
with  annual  PDSI  (Pearson  product-moment  correlation 


coefficient,  r  =  -0.05),  but  there  was  an  obvious  temporal 
trend.  On  the  provisional  assumption  that  this  trend  was 
related  to  stand  dynamics  processes,  a  nonlinear  curve  was 
fitted  to  the  series  and  residual  deviation  from  this  curve 
was  calculated.  The  residual  values  had  a  much  higher, 
though  nonsignificant,  correlation  with  PDSI  (r  =  0.34,  p 
=  0.22).  Examination  of  a  graph  of  pooled  residual  growth 
and  PDSI  (Fig.  5-4)  suggests  that  sapling  growth  might  be 
related  to  PDSI,  though  other  sources  of  variation  are  also 
present.  When  the  sites  were  examined  separately  (Fig.  5- 
5),  the  relationship  was  stronger:  growth  residuals  at  the 
wet  and  dry  sites  were  correlated  (r  =  0.58,  p  =  0.02),  which 
strongly  supports  the  suggestion  of  a  climate  signal.  The 
intersite  correlation  appears  to  have  been  stronger  early  in 
the  15-year  period  when  drought  was  a  factor.  Later  in  the 
period,  some  deterioration  in  the  climate  relationship  seems 
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Figure  5-4.  Pooled  residual  sapling  growth  for  three  study  sites 
compared  to  Palmer  Drought  Severity  Index,  1980-93. 
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Figure  5-5.  Comparison  of  median  residual  sapling  growth  by 
site  with  Palmer  Drought  Severity  Index,  1980-93. 


to  have  occurred.  One  cause  of  this  deterioration  was  flood¬ 
ing  at  the  wet  site  which  caused  saplings  there  to  do  poorly. 
The  two  lowest-growth  years  at  the  wet  site  (1989  and  1991) 
were  among  the  worst  flooding  years  and  followed  rela¬ 
tively  dry  years  (Fig.  5-6).  The  strength  of  the  wet  site-dry 
site  correlation  increased  when  analysis  was  repeated  us¬ 
ing  only  the  species  found  at  all  three  sites  (r  =  0.70,  p  = 
0.004).  It  is  clear  from  the  analysis  that  the  mesic  site  was 
different  from  the  other  two  sites  in  its  response  to  climate, 
possibly  because  growth  there  responded  more  to  processes 
like  the  hurricane  than  to  annual  variation  in  drought  se¬ 
verity. 

Additional  analysis  of  data  from  the  wet  site  showed 
that  severe  flooding  reduced  small  sapling  height  increment; 
the  lowest  height  increment  year  occurred  in  1 989,  the  year 


Figure  5-6.  Maximum  consecutively  flooded  growing-season  days 
for  flats  at  wet  site,  1 980-94. 


of  major  growing-season  flooding.  However,  there  ap¬ 
peared  to  be  both  a  seasonal  effect  and  thresholds  related 
to  sapling  size  and  length  of  flooding  (Hall  1993).  The 
impact  of  dormant-season  flooding  was  less  severe. 

There  were  a  few  interesting  differences  among  species 
in  median  small  sapling  height  growth  (Fig.  5-7).  Water 
hickory  and  American  elm  exhibited  net  height  growth  of 
below  or  near  zero.  This  negative  net  growth  suggests  that 
most  individuals  of  these  species  were  not  succeeding  in 
the  plots,  at  least  over  the  last  10  years.  The  rest  of  the 
species  showed  positive  median  height  growth,  indicating 
that  most  individuals  which  made  it  to  the  sapling  size  class 
were  succeeding  over  the  period  of  observation.  Chinese 
tallow,  an  exotic  invader,  grew  23  cm  per  year,  more  than 
three  times  median  height  growth  pooled  over  all  species 
and  years  and  more  than  twice  the  median  height  growth 
rate  of  the  next-ranked  species  (red  maple:  9  cm;  Median 
test,  T  =  19.57,  p  <  0.001).  Differences  among  the  native 
species  were  minimal,  except  that  there  was  a  breakpoint 
between  the  faster  growing  oaks  and  American  holly  and 
the  slower  growing  species.  It  is  surprising  that  the  native 
species  did  not  show  more  differences  in  height  growth 
rates,  though  this  result  is  consistent  with  the  earlier  report 
that  tree  seedling  growth  rates  differed  very  little  among 
species  (Streng  et  al.  1989). 

Large  saplings  also  showed  variation  among  species  in 
median  diameter  growth  (Fig.  5-8).  Again,  Chinese  tallow 
grew  significantly  faster  than  all  the  other  species  (Median 
test,  T  =  34.22,  p  <  0.001).  Large  saplings  of  cherrybark 
oak  {Quercus  pagoda)  and  water  hickory  exhibited  greater 
growth  than  one  might  expect,  considering  their  low  growth 
as  small  saplings;  in  contrast,  red  maple  and  American  horn¬ 
beam  seemed  to  do  relatively  worse  as  large  saplings. 

To  determine  whether  growth  was  faster  in  and  around 
canopy  gaps,  we  compared  sapling  growth  between  the 
randomly  placed  permanent  sapling  plots  and  plots  con¬ 
taining  sapling  patches  related  to  canopy  gaps.  Median 
height  growth  for  small  saplings  in  patch  plots  was  1  cm 
more  than  the  7  cm  per  year  found  for  the  random  plots 
(Median  test,  T  =  7.9512,  p  =  0.005);  large  saplings  in  or 
around  canopy  gaps  also  grew  significantly  better  (Me¬ 
dian  test,  T  =  35. 1 1 ,  p  <  0.001).  All  but  two  species  showed 
higher  growth  in  the  gap-related  patches,  either  as  small 
or  large  saplings.  Thus,  gaps  appear  to  be  important  to  the 
success  of  saplings. 

We  used  stepwise  linear  least-squares  regression  to 
model  growth  as  a  function  of  several  site  variables  (per¬ 
cent  sand,  percent  clay,  relative  elevation,  and  weighted 
percent  sky;  details  on  estimation  of  environmental  vari¬ 
ables  can  be  found  in  Hall  1993).  The  following  predictor 
variables  were  also  included  in  the  analysis:  size  of  the 
individual  at  the  beginning  of  the  period  of  growth, 
species-specific  growth  ranking,  total  density  of  individuals 
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Figure  5-7.  Box  plots  of  median  height  growth  of  small  saplings  by  species  at  wet  site  (from  Hall  1993).  For  each  boxplot,  the  white  bar 
represents  the  median,  the  light  gray  bar  represents  the  95%  confidence  interval,  the  dark  gray  bar  and  the  black  outlined  box  represent 
the  interquartile  range,  the  brackets  or  whiskers  represent  1 .5  times  the  interquartile  range,  and  the  empty  circles  represent  outlying 
data  points. 


in  the  quadrat  during  the  year,  and  days  flooded  during  the 
year.  This  mix  of  variables  constant  in  time  (the  environ¬ 
mental  variables  and  species-specific  growth  ranking), 
variables  which  change  depending  on  which  year  the  indi¬ 
viduals  grew  into  the  plots  (days  flooded,  density),  and 
variables  which  are  specific  to  the  individual  plant  (size) 
may  present  some  pseudoreplication  problems,  but  it  is 
not  clear  how  one  might  reduce  degrees  of  freedom  or  cor¬ 
rect  reported  significance  levels  for  this  problem.  With  this 
caveat,  we  proceed  as  if  reported  significance  levels  were 
approximately  correct. 

The  results  are  significant  and  slopes  of  the  relation¬ 
ships  are,  for  the  most  part,  as  expected.  Height  growth 
increased  with  individual  size,  varied  among  species,  de¬ 
clined  with  the  density  of  other  saplings  in  the  same  plot, 
was  greater  in  gaps  than  under  the  canopy,  and  was  lower 
at  higher  elevations.  This  latter  relationship  is  the  opposite 
of  what  one  would  expect  if  the  primary  effects  of  eleva¬ 
tion  were  associated  with  flooding  or  soil  waterlogging  at 
low  elevations  and  may  indicate  that,  in  years  without 
lengthy  flooding,  sapling  growth  is  strongly  limited  at  high 
elevations  where  moisture  stress  would  be  highest. 


In  addition  to  the  general  linear  modeling,  we  used  a 
generalized  additive  model  (GAM)  (Hastie  and  Tibshirani 
1986),  keeping  the  significant  predictors  from  the  previ¬ 
ous  analysis  as  linear  (days  flooded  and  percent  clay)  and 
specifying  that  smoothed  curves  be  fit  to  the  variables 
which  showed  no  linear  relationship  (percent  sky  and  per¬ 
cent  sand).  Intuitively,  a  GAM  can  be  understood  as  an 
extension  of  a  general  linear  model  wherein  the  effects 
are  not  limited  to  being  linear.  In  this  analysis,  the  vari¬ 
ables  of  days  flooded,  percent  sky,  and  percent  clay  were 
significant,  while  percent  sand  was  not.  The  most  interest¬ 
ing  and  interpretable  result  of  the  GAM  is  that  it  allowed  a 
nonlinear  effect  of  flooding  duration  on  growth  to  emerge. 
Growth  appeared  to  decline  until  the  duration  of  flooding 
was  about  6  months;  beyond  that,  growth  was  already 
maximally  suppressed.  The  other  two  nonlinear  relation¬ 
ships  with  weighted  percent  sky  and  percent  clay  had  the 
expected  sign  (growth  increased  with  increasing  percent 
sky  and  with  increasing  percent  clay),  but  the  nonlinearities 
probably  represent  interaction  effects  for  which  we  did 
not  test. 
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Figure  5-8.  Box  plots  of  median  dbh  growth  of  large  saplings  by  species  at  the  wet  site  (From  Hall  1993).  See  Fig.  5-7  for  explanation 
of  box  plots. 


Tree  Ring  Analysis  Along  a  Climatic 
Gradient 

Attempts  to  model  and  predict  effects  of  climate  change 
on  forests  typically  require  assumptions  about  the  rela¬ 
tionship  of  tree  growth  to  climate  (Shugart  1984;  Solomon 
1986;  T.W,  Doyle,  National  Wetlands  Research  Center, 
Lafayette,  Louisiana,  personal  communication).  Unfortu¬ 
nately,  such  assumptions  often  have  little  empirical  or  theo¬ 
retical  basis  and  may,  in  fact,  be  grossly  inaccurate  (Shugart 
1984;  Graumlich  1989;  Cook  and  Cole  1991).  The  sci¬ 
ence  of  dendrochronology  can  greatly  increase  our  under¬ 
standing  of  tree  growth-climate  relationships  and  thereby 
improve  model  predictions  (Graumlich  1989;  Cook  and 
Cole  1991).  In  this  section,  we  describe  the  results  of  a 
study  of  tree-ring  growth  along  a  climate  gradient  in  an 
area  which  crosses  the  range  boundaries  (as  defined  by 
Little  1971)  of  many  of  the  important  tree  species  of  the 
southeastern  United  States. 

The  tree-ring  study  area  is  defined  by  a  rectangular  re¬ 
gion  in  eastern  Texas  and  western  Louisiana  extending  from 
28°  to  32°N  and  from  92°  to  98°W  (Fig.  5-9).  In  terms  of 
the  original  vegetation,  it  extends  from  a  zone  of  longleaf 


pine  dominance  in  eastern  Texas,  through  a  zone  origi¬ 
nally  dominated  by  shortleaf  pine,  loblolly  pine,  oaks,  and 
hickory,  across  an  area  dominated  mostly  by  oak  and 


Figure  5-9.  Tree-ring  site  locations  in  the  Big  Thicket  region. 
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hickory,  and,  finally,  across  a  narrow  band  of  blackland 
prairie  (Tharp  1926,  1939;  Bridges  and  Orzell  1989).  The 
western  end  is  at  Bastrop  State  Park,  site  of  a  disjunct  stand 
of  loblolly  pine  and  eastern  oaks.  This  site  marks  the  ap¬ 
proximate  western  limit  of  what  is  generally  recognized 
as  Eastern  Deciduous  Forest  (Braun  1950;  Greller  1989). 
The  Big  Thicket  lies  within  the  east  Texas  part  of  the  study 
area. 

The  study  area  is  characterized  by  a  progressive 
east-west  reduction  in  precipitation  and  an  associated  in¬ 
crease  in  temperature  (Fig.  5-10),  which  probably  accounts 
for  the  strong  variation  in  forest  vegetation  (Tharp  1926; 
Greller  1989).  For  the  winter  season,  this  gradient  is  al¬ 
most  purely  east- west,  with  essentially  no  trend  from  south 
to  north.  In  contrast,  the  summer  rainfall  surface  is  more 
complex,  with  a  clear  south-north  decline  in  rainfall.  In  all 
likelihood,  the  summer  rainfall  pattern  is  complicated  by 
intrusions  of  warm  and  moist  convective  air  masses  from 
the  Gulf  of  Mexico  that  dry  out  as  they  penetrate  progres¬ 
sively  northward.  This  mode  of  moisture  delivery  is  likely 
to  be  much  less  frequent  during  the  cooler  winter  months. 
Winter  maximum  temperature  shows  a  general  trend  to¬ 
wards  warmer  conditions  from  east  to  west  and  cooler  con¬ 
ditions  from  south  to  north,  but  there  is  also  considerable 
local  variation.  In  contrast,  summer  temperature  shows 
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only  a  general  tendency  for  warmer  conditions  from  east 
to  west.  However,  most  of  this  gradient  follows  a  uniform 
steep  increase  in  maximum  temperatures  west  of  95°W 
longitude.  The  pronounced  dip  in  the  surface  is  due  to  the 
extreme  coastal  grid  point  shown  in  Fig.  5-9.  Presumably, 
relatively  cool  sea  breezes  contribute  to  this  anomaly. 

These  climate  gradients  might  affect  the  forests  of  the 
Big  Thicket  region  in  two  ways.  First,  precipitation  ought 
to  become  increasingly  limiting  to  tree  growth  from  east 
to  west.  In  this  sense,  winter  may  be  the  most  critical  sea¬ 
son  because  it  is  the  time  when  precipitation  is  most  effec¬ 
tive  in  recharging  soil  moisture  reservoirs.  In  contrast,  much 
of  the  summer  rainfall  will  evaporate  and  will  not  recharge 
the  soil  reservoir.  Second,  the  trend  towards  warmer  sum¬ 
mer  maximum  temperatures  from  east  to  west  will  result 
in  higher  potential  evaporation  demand  on  the  trees  and 
more  frequent  periods  of  internal  moisture  stress.  The  steep 
temperature  increase  might  also  be  significant  if  a  thresh¬ 
old  effect  on  evapotranspiration  demand  is  crossed  for 
some  tree  species. 

For  this  project,  104  annual  tree-ring  chronologies  were 
developed  from  16  tree  species  (Table  5-4)  growing  on  38 
sites  distributed  across  the  region  (Fig.  5-9).  Ten  to  twelve 
trees  of  a  given  species  were  sampled  per  site,  with  one 
increment  core  extracted  per  tree.  The  criteria  for  selecting 
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Figure  5-10.  Surface  maps  of  precipitation  and  maximum  temperature  over  the  Big  Thicket 
region. 
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Table  5-4.  Species  and  basic  taxonomy  of  the  104  tree-ring 
chronologies. 


Tree  taxonomy 

Latin  name 

Number 

Family  Pinaceae 

Genus  Pinus 

Loblolly  pine 

Pinus  taeda 

20 

Longleaf  pine 

Pinus  palustris 

7 

Shortleaf  pine 

Pinus  echinata 

6 

Family  Taxodiaceae 

Genus  Taxodium 

Baldcy  press 

Taxodium  distichum 

1 

Family  Fagaceae 

Genus  Quercus 

Subgenus  Leucobalanus 
White  oak 

Quercus  alba 

11 

Swamp  chestnut  oak 

Quercus  michauxii 

5 

Post  oak 

Quercus  stellata 

4 

Overcup  oak 

Quercus  lyrata 

3 

Subgenus  Erythrobalanus 
Southern  red  oak 

Quercus  falcata 

10 

Water  oak 

Quercus  nigra 

18 

Willow  oak 

Quercus  phellos 

4 

Laurel  oak 

Quercus  faurifoHa 

1 

Shumard  oak 

Quercus  shumardii 

1 

Blackjack  oak 

Quercus  marilandica 

3 

Bluejack  oak 

Quercus  incana 

1 

Genus  Fagus 

American  beech 

Fagus  grandifolia 

9 

sampling  sites  were  the  existence  of  trees  50  or  more  years 
in  age  of  the  species  needed  for  the  transect  in  a  given 
general  location.  Soils,  site  hydrology,  slope  aspect,  and 
disturbance  history  were  not  considered  in  the  selection  of 
sites.  Therefore,  while  the  site  selection  scheme  used  here 
was  not  statistically  random,  neither  was  it  biased  towards 
anything  but  stand  age  and  transect  location.  Purely  ran¬ 
dom  site  selection  might  well  have  missed  important  sites 
at  the  western  range  limits  of  some  species.  The  annual 
tree-ring  chronologies  were  developed  using  standard  den- 
drochronological  procedures  (Fritts  1976;  Cook  and 
Kairiukstis  1990).  For  each  species  collection  at  each  site, 
the  ring-width  series  were  checked  for  cross-dating  and 
overall  quality  using  the  computer  program  COFECHA 
(Holmes  1982). 

A  common  modeling  assumption  is  that  climatic  limita¬ 
tions  to  tree  growth  can  be  inferred  from  conditions  at  range 
limits  (Shugart  1984).  Thus,  if  a  range  limit  for  a  particu¬ 
lar  species  is  characterized  by  a  certain  number  of  drought 
days  or  degree  days,  it  is  assumed  that  these  conditions 
represent  the  physiological  limits  beyond  which  the  tree 
cannot  grow.  If  this  assumption  is  correct,  trees  at  the  edge 
of  their  range  should  be  growing  very  slowly  indeed.  As 
one  moves  away  from  the  range  limit,  however,  climate 
improves  and  the  growth  of  the  species  in  question  should 
increase. 


The  above  assumptions,  commonly  used  in  models,  have 
not  been  conclusively  tested  (but  see  Prentice  et  al.  1991; 
Bonan  and  Sirois  1992).  Here,  we  test  whether  tree  growth 
at  range  limits  is  exceptionally  limited.  In  addition,  we  test 
for  an  effect  of  distance  from  range  limit  on  growth.  Be¬ 
cause  model  assumptions  pertain  to  potential  growth  in 
the  absence  of  competition,  we  use  maximum  growth  in 
our  analyses  rather  than  average  growth.  We  define  maxi¬ 
mum  growth  as  the  single  largest  growth  ring  observed  for 
any  individual  of  a  species  at  a  site.  Analyses  are  limited 
to  species  with  five  or  more  sites. 

The  assumption  that  maximum  potential  tree  growth  is 
strongly  restricted  at  range  limits  is  not  supported.  For  four 
species,  maximum  growth  rates  near  range  limits  actually 
exceeded  rangewide  means  (Table  5-5).  For  three  species, 
American  beech,  loblolly  pine,  and  shortleaf  pine,  the  range 
limit  values  were  somewhat  depressed  compared  to  the 
rangewide  means  for  those  species.  However,  even  in  those 
cases,  it  is  hard  to  argue  that  a  potential  diameter  growth 
rate  of  almost  10  mm  per  year  indicates  serious  climatic 
stress.  The  assumption  that  maximum  growth  increases 
with  distance  from  the  edge  of  the  range  is  also  not  sup¬ 
ported  (Table  5-5),  except  in  the  case  of  shortleaf  pine. 
Because  these  data  suggest  minimal  climatic  limitation  on 
tree  growth  at  sites  close  to  the  range  limits  of  species,  it 
seems  likely  that  climate  effects  on  seedling  establishment 
may  be  the  critical  limiting  factor,  a  conclusion  which  is 
consistent  with  studies  of  southwestern  oaks  (Neilson  and 
Wullstein  1983).  Clearly,  additional  experiments  to  test 
this  hypothesis  are  warranted. 

The  104  annual  tree-ring  chronologies  range  from  37 
to  739  years  in  length.  From  this  overall  set,  we  selected 
for  analysis  99  chronologies  that  covered  the  common  time 


Table  5-5.  Relationship  of  maximum  ring  growth  to  longitude 
fW)  for  tree  species  sampled  at  greater  than  five  sites  (n  =  number 
of  samples;  r  =  Pearson  product-moment  correlation  coefficient;  P 
=  Probability  level). 


Species 

Correlation 

statistics 

n  r  P 

Growth  at 
range  iimit 
(mm) 

Percent  of 
mean  of 

aii  sites 

American  beech 

9 

-.28 

.47 

7.06 

79.7 

Shortleaf  pine 

6 

-.86 

.03 

7.05 

80.2 

Longleaf  pine 

9 

-.21 

.57 

8.80 

95.4 

Loblolly  pine 

20 

-.33 

.16 

8.83 

64.4 

White  oak 

11 

.22 

.51 

10.67 

114.1 

Southern  red  oak 

9 

.02 

.95 

10.36 

111.9 

Swamp  chestnut  oak  5 

.46 

.44 

11.18 

103.4 

Water  oak 

17 

.39 

.12 

18.40 

134.6 
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period  1941-1993.  Principal  components  analysis  (PCA), 
a  form  of  multivariate  analysis  (Cooley  and  Lohnes  1971 ; 
Richman  1986),  was  employed  as  a  first  step  in  testing  for 
patterns  in  the  tree-ring  data.  Principal  components  analy¬ 
sis  and  other  ordination  techniques  are  commonly  used  by 
vegetation  scientists  to  test  for  patterns  in  species  associa¬ 
tions  or  plant  community  relationships  in  vegetation  data. 
The  PCA  described  herein  is  analagous,  except  that  the 
input  data  are  annual  tree  ring  increments  rather  than  mea¬ 
surements  of  species  abundance.  Thus,  the  results  reveal 
similarities  and  differences  among  tree  species  in  their  re¬ 
sponses  to  climate.  Though  PCA  is  a  common  multivari¬ 
ate  technique,  it  has  never  before  been  employed  in 
tree-ring  analysis  because  the  appropriate  data  set  has  never 
before  been  assembled. 

For  input  data,  we  used  tree-ring  indices  which  sequen¬ 
tially  removed  sources  of  extraneous  variation  to  focus  on 
year-to-year  variability  in  growth  due  to  climate.  Construc¬ 
tion  of  these  indices  involves  two  steps  (Cook  1985;  Fritts 
and  Swetnam  1989).  First,  long-term,  relatively  inflexible 
trend  lines  are  fitted  to  the  individual  tree-ring  widths  and 
deviations  from  these  fitted  lines  (residuals)  are  preserved 
for  analysis.  This  technique  effectively  removes  gradual 


changes  in  growth  due  either  to  intrinsic  properties  of  trees 
(i.e.,  all  other  factors  being  equal,  younger  trees  grow  faster 
than  older  trees)  or  to  long-term  trends  in  biotic  or  abiotic 
environment  (e.g.,  growth  of  trees  into  canopy  gaps;  see 
Glitzenstein  et  al.  1986).  These  gradual  trends,  while  eco¬ 
logically  interesting,  tend  to  obscure  short-term  growth 
responses  related  to  climate. 

The  second  step  in  construction  of  a  tree-ring  index  is 
autoregressive  modeling  of  the  residuals.  Autoregression 
(Box  and  Jenkins  1976)  is  analogous  to  ordinary  multiple 
regression,  except  that  the  predictor  variables  are  prior 
years  in  a  time  series.  This  technique  controls  for  physi¬ 
ological  effects  which  may  carry  over  from  one  year  to 
the  next,  blurring  the  influence  of  climate  in  any  given 
year  (Cook  1985).  Autoregressions  yield  a  second  set  of 
residuals,  which  are  the  final  tree-ring  indices  used  in  the 
PCA. 

The  results  of  the  PCA  of  annual  tree-rings  revealed  a 
previously  unsuspected  pattern,  which  we  call  the  phylo¬ 
genetic  effect.  It  is  illustrated  by  examining  the  loadings 
of  species’  scores  on  the  different  PCA  factors  (Fig.  5- 
11).  Each  PCA  factor  can  be  thought  of  as  an  independent 
source  of  variation  in  the  tree-ring  data,  analogous  to  axes 


Phylogenetic  groups 

Figure  5-11.  Varimax  rotated  factor  loadings  for  each  phylogenetic  group  on  each  principal 
components  analysis  (PCA)  factor.  Each  of  the  four  sections  corresponds  to  one  of  the  PCA 
factors.  Within  each  section  there  is  a  box  plot  of  the  factor  loadings  for  all  chronologies  (species 
X  sites)  within  each  phylogenetic  group  (beech,  white  oak,  black  oak,  pine;  see  text  for  further 
definitions  of  phylogenetic  groups).  Each  box  plot  consists  of  a  median  value  (horizontal  line 
within  shaded  area),  a  box  containing  all  measurements  from  the  25th  to  the  75th  percentiles  of 
all  values,  and  whiskers  showing  5th  and  95th  percentiles. 
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in  an  ordination  analysis.  For  Factor  1,  scores  for  the  black 
oak  (Erythrobalanus)  subgenus  are  highest  (median  = 
0.54),  followed  by  species  of  the  white  oak  {Leucobalanus) 
subgenus  (median  =  0.32),  American  beech  (median  = 
0.26),  and  pines  (median  =  0.17).  Consequently,  we  call 
Factor  1  the  black  oak  factor,  even  though  the  overlap  be¬ 
tween  the  black  oaks  and  white  oaks  loadings  indicates 
some  similarity  between  the  oak  subgenera.  This  overlap 
is  much  reduced  on  Factor  2,  which  shows  the  strongest 
phylogenetic  separation.  Because  pine  species  load  well 
above  the  other  groups  (median  =  0.70),  we  call  Factor  2 
the  pine  factor.  The  beech  and  white  oak  chronologies  are 
separate  from  the  black  oak  and  pine  chronologies  on  Fac¬ 
tor  3,  so  we  call  this  the  beech/white  oak  factor.  No  par¬ 
ticular  phylogenetic  group  is  segregated  on  Factor  4,  and 
median  loadings  for  all  taxonomic  groups  are  low.  Factor 
4  does  have  some  chronologies  that  load  very  highly,  how¬ 
ever,  especially  in  pines  and  black  oaks.  These  variations 
suggest  that  there  may  be  local,  site-related  explanations 
for  this  factor. 

These  results  suggest  that  growth  responses  of  species 
to  climatic  variation  are  determined  primarily  by  evolu¬ 
tionary  rather  than  ecological  relationships.  We  might  have 
expected  a  priori  that  factor  loadings  would  reflect  simi¬ 
larities  among  species  with  similar  site  requirements,  that 
dry  site  white  oaks  would  load  with  dry  site  black  oaks 
and  dry  site  pines.  The  lack  of  clustering  has  two  impor¬ 
tant  implications  for  predicting  climate  effects  on  forests. 
First,  shifts  in  seasonal  distribution  of  precipitation  might 
be  expected  to  produce  similar  compositional  changes 
across  a  range  of  sites.  The  second  implication  of  the  phy¬ 
logenetic  effect  for  climate  change  predictions  concerns 
the  use  of  tree-ring  indices  in  stand  dynamics  modeling 
(Cook  and  Cole  1991).  The  existence  of  phylogenetically 
homogenous  groupings  should  greatly  simplify  the  task  of 
modifying  these  models  to  reflect  climate  effects  on  tree 
growth. 

The  differences  we  found  between  the  oak  subgenera 
in  tree-ring  growth  are  consistent  with  patterns  described 
by  Mohler  (1990)  from  vegetation  analysis.  He  demon¬ 
strated  a  tendency  for  species  in  the  black  oak  subgenus  to 
occur  on  the  same  sites  with  species  in  the  white  oak  sub¬ 
genus,  whereas  species  within  the  same  subgenera  were 
less  likely  to  occur  on  the  same  sites.  Mohler  argued  that 
his  results  indicated  evolutionary  differences  between  the 
two  subgenera  that  promote  coexistence  of  species  pairs 
by  minimizing  interspecific  competition.  Our  tree-ring  re¬ 
sults  suggest  that  differences  in  responses  to  climate  may 
be  one  factor  contributing  to  that  coexistence. 

In  addition  to  demonstrating  the  phylogenetic  effect, 
PC  A  factor  loadings  of  species  groups,  when  plotted  ver¬ 
sus  longitude,  show  variation  with  longitude  for  the  two 
oak  subgenera  but  not  for  the  pine  group  as  a  whole  or  for 
American  beech  (Fig.  5-12).  There  are,  however. 


longitudinal  trends  among  pine  species  (Fig.  5-13).  The 
exact  causes  of  the  east-west  trends  have  not  yet  been  iden¬ 
tified.  The  absence  of  these  trends  in  analysis  of  the  raw 
ring-width  data  presented  may  be  due  to  masking  by  the 
larger  and  more  direct  effects  of  competition  and  distur¬ 
bance.  Nevertheless,  the  fact  that  there  are  annual  incre¬ 
ment  growth  differences  among  species  and  species  groups 
in  climate  response  across  a  climate  gradient  indicates  that 
climatic  change  could  shift  competitive  relationships  and 
thereby  promote  forest  change. 

Conclusion 

The  results  of  our  long-term  studies  reveal  that  Big 
Thicket  forests  are  highly  variable.  Each  of  the  three 
long-term  study  plots  has  undergone  shifts  in  tree  species 
composition  during  16-20  years  of  monitoring.  At  the  dry 
study  site,  the  changes  were  relatively  easily  interpreted 
in  terms  of  two  common  regional  phenomena:  postlogging 
recovery  and  fire  exclusion.  Effects  of  climatic  changes 
on  sites  such  as  this  will  probably  involve  interactions  be¬ 
tween  climate  and  fire  regimes.  Changes  in  global  climate 
are  likely  to  influence  both  within-season  timing  and  in¬ 
tensity  of  fires,  even  under  managed  conditions,  thus  af¬ 
fecting  forest  composition.  If  fire  continues  to  be  excluded 
from  this  system,  predicted  increases  in  regional  drought 
may  aid  preserve  managers  by  retarding  the  invasion  of 
mesic,  shade-tolerant  species  into  formerly  fire-maintained 
upland  habitats. 

Our  study  of  a  wet  forest  revealed  disturbing  long-term 
trends  in  woody  plant  species  composition,  particularly  in 
the  smaller  size  classes.  Changes  in  flow  patterns  from  the 
construction  of  two  upstream  dams  appear  to  be  favoring 
species  of  lower  flood  tolerance  and  altering  the  charac¬ 
teristic  spatial  structure  of  bottomland  forests.  Human 
intervention  in  the  form  of  altered  river  flows  has  increased 
the  variability  of  the  system  and  may  be  predisposing  this 
system  to  uncharacteristic  increases  of  certain  tree  popu¬ 
lations.  Changes  in  regional  climate  will  no  doubt  further 
increase  this  variability  by  increasing  the  frequency  and 
intensity  of  both  floods  and  droughts.  An  understanding 
of  this  variability  may  be  crucial  to  the  success  of 
postharvest  regeneration  in  commercial  forestry  operations. 

At  the  mesic  site,  we  had  an  opportunity  to  directly  ob¬ 
serve  the  effects  of  a  hurricane.  Even  though  it  caused 
only  a  small  rise  in  mortality  of  canopy  trees,  this  storm 
had  an  important  impact  on  forest  regeneration  processes. 
Long  intervals  between  canopy  opening  events  gradually 
reduce  understory  trees  and  shrubs,  providing  opportuni¬ 
ties  for  regeneration  of  canopy  species.  Consequently,  in¬ 
creasing  frequency  of  large  storms  may  maintain  uncharac¬ 
teristically  dense  shrub  populations,  with  detrimental  con¬ 
sequences  for  canopy  tree  regeneration.  This  suppression 
of  tree  regeneration,  coupled  with  higher  storm-related 
mortality  could  result  in  a  decline  in  the  standing  biomass 
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Figure  5-13.  Varimax  loadings  by  longitude  for  pine  chronologies. 


-93  -92 


(i.e.,  the  carbon  storage  capacity)  of  southern  upland  for¬ 
ests  resulting  in  increased  emissions  of  CO^  to  the 
atmosphere. 

An  important  direct  effect  of  climate  is  its  influence  on 
tree  growth.  The  emerging  conclusion  is  that  present  day 
climate  variation  does  produce  detectable  effects  on  tree 
and  sapling  growth.  However,  these  effects  are  small  and 
therefore  may  be  secondary  to  indirect  effects  of  climate 
change  on  forests  by  way  of  increased  frequency  and  in¬ 
tensity  of  disturbance.  A  surprising  result  from  the  tree 
ring  study  suggests  that  this  conclusion  applies  even  close 
to  the  southwestern  range  limit  of  the  tree  species  and  thus 
implies  that  climate  effects  on  seedling  regeneration  may 
be  more  important  in  limiting  the  ranges  of  these  trees  than 
climate  effects  on  growth. 

Direct  effects  of  climate  on  recruitment  and  mortality 
were  not  detected,  though  we  did  find  that  drought  strongly 
increased  seedling  mortality  in  the  wet  forest  (Streng  et  al. 
1 989).  The  absence  of  effects  on  trees  may  be  the  result 
of  masking  by  gradual  death  of  trees,  by  multiple  influ¬ 
ences  on  tree  death  and  decline  (Harcombe  1987;  though 
see  Clinton  et  al.  1993),  or  by  indirect  disturbance  effects. 
Continued  collection  of  these  important  data  over  the  next 


10-20  years  will  allow  more  definitive  tests  of  direct  cli¬ 
mate  effects  on  tree  recruitment  and  mortality.  Again,  evi¬ 
dence  from  the  long-term  monitoring  and  statistical  analy¬ 
sis  of  patterns  of  growth  and  mortality  indicates  that  cli¬ 
mate  change  will  have  a  stronger  effect  on  forest  dynam¬ 
ics  indirectly  by  way  of  more  frequent  or  more  intense 
disturbance  than  by  way  of  more  direct  effects  on  indi¬ 
vidual  growth  or  average  mortality  rates  related  to  an  in¬ 
crease  in  temperature  or  a  change  in  regional  moisture 
balance. 

All  forest  processes  vary  on  a  variety  of  temporal  and 
spatial  scales.  Growth  and  survivorship  of  different  tree 
size  classes  depend  on  climatic  conditions,  soil  factors, 
and  competitive  relations  within  the  stand.  Recruitment 
depends  on  the  availability  of  seed  sources,  light  condi¬ 
tions  in  the  understory,  subtle  differences  in  microsites, 
and  weather  events.  In  this  project,  we  are  documenting 
many  of  these  dependencies.  The  variety  of  influences, 
both  internal  and  external  to  the  system,  makes  it  difficult 
to  assess  the  effect  of  changes  in  boundary  conditions  such 
as  climate  on  dynamics  at  the  system  level.  The  mechanis¬ 
tic  approach  to  forest  dynamics  seeks  a  unified  framework 
of  constant  relationships  and  parameters  within  which 
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community  responses  can  be  predicted  and  explained.  One 
way  to  embody  this  framework  is  within  a  simulation 
model. 

Current  forest  dynamics  theory  and  modeling  derived 
from  it  are  based  on  the  responses  of  individual  trees:  how 
they  grow  and  complete  their  life-cycles  in  response  to 
variations  in  the  local  environment  and  how  they  affect 
their  local  environment.  Early  gap  models  (Shugart  1984) 
assumed  a  direct  relationship  between  range  limits  of  taxa 
and  the  growth  rates  of  adult  trees  that  is  not  supported  by 
available  data  (Prentice  et  al.  1991 ;  Bonan  and  Sirois  1992). 
Our  sites  include  several  taxa  growing  very  close  to  their 
range  limits  for  which  growth  rates  are  as  high  as  any 
recorded  in  the  interiors  of  the  geographic  ranges.  Another 
error  of  early  gap  models  is  the  assumption  that  the  phe¬ 
nomenon  of  shade  tolerance  is  driven  entirely  by  the  abil¬ 
ity  to  grow  in  the  shade.  Our  data,  in  conjunction  with 
results  from  other  studies  (Hall  1993;  Kobe  et  al.  1995), 


indicate  that  the  ability  to  survive  suppression  is  at  least  as 
important  as  growth  in  determining  shade  tolerance. 

Hence,  the  results  reported  here  not  only  identify  spe¬ 
cific  climatic  effects  on  particular  life  stages  or  processes, 
but  they  also  clarify  forest  dynamics  theory,  which  will 
lead  to  better  models.  The  results  also  reinforce  the  ratio¬ 
nale  for  modeling:  the  complexity  of  the  system  and  of  the 
interactions  makes  it  very  difficult  to  make  clear  or  pre¬ 
cise  predictions,  except  that  many  processes  and  interac¬ 
tions  will  be  influenced  by  climate  change.  In  followup 
studies,  improved  understanding  of  the  mechanisms  of 
forest  dynamics  should  be  incorporated  into  improved 
simulation  models  that  will  allow  well-founded  extrapola¬ 
tions  of  the  effects  of  climate  change.  Such  models  will 
make  it  possible  to  quantitatively  determine  whether  the 
responses  noted  here  will  result  in  the  magnitude  of  change 
previously  suggested  (Urban  and  Shugart  1990;  Nielson 
et  al.  1991). 
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Chapter  6: 

Modeling  Global  Change  Effects 
on  Coastal  Forests 


by 


Thomas  W.  Doyle 
U.S.  Geological  Survey 
National  Wetlands  Research  Center 
700  Cajundome  Blvd. 
Lafayette,  Louisiana  70506 


Abstract:  Predictions  about  global  climate  change  include  increases  in  the  intensity  of  tropical  storms,  to  which 
the  low-lying  Gulf  of  Mexico  and  South  Atlantic  coasts  are  particularly  vulnerable.  The  direct  damage  from  wind 
and  surge  force  associated  with  tropical  hurricanes  can  be  sufficient  to  alter  coastal  forest  structure  and  diversity. 
Landscape  simulation  models  were  developed  to  evaluate  the  impacts  of  increasing  water  levels  and  disturbance 
associated  with  global  climate  change  on  mangrove  forests  of  the  Everglades,  Florida.  A  hindcast  simulation  for 
1886-1989  indicates  that  the  periodicity  and  trajectories  of  a  few  major  hurricanes  accounted  for  most  of  the 
impact  on  the  forest  structure  of  modem  day  mangrove  forests  across  south  Florida.  As  hurricane  intensity 
increases  over  the  next  century,  model  projections  suggest  that  future  mangrove  forests  are  likely  to  be 
diminished  in  average  height  and  will  contain  a  higher  proportion  of  red  mangroves.  In  the  Big  Bend  area  of 
northwest  Florida,  land  elevation  and  water  depth  are  key  factors  controlling  habitat  type.  A  digital  elevation 
model  of  the  area  was  constructed  to  track  the  process  and  pattern  of  coastal  inundation  over  space  and  time  for 
the  low,  mid,  and  high  sea-level  rise  projections  of  the  Intergovernmental  Panel  on  Climate  Change.  The  three 
sea-level  scenarios  indicated  that  major  portions  of  this  coastal  zone  will  be  permanently  inundated  over  the  next 
century,  bringing  about  a  combined  migration  and  loss  of  some  habitats.  Results  show  that  there  is  a  large  land 
base  that  will  be  quickly  converted  from  coastal  saltwater  and  freshwater  marsh  to  open  water  and  from  coastal 
pine  forest  to  emergent  marsh,  on  a  scale  approaching  the  land  loss  that  has  been  experienced  in  south  Louisiana, 
65-90  km^  per  year. 
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Introduction 

In  this  chapter  I  present  a  summary  of  an  investigation 
into  the  effects  of  Hurricane  Andrew  on  mangrove  forests 
in  southwest  Florida  and  how  the  results  of  the  study  were 
used  to  develop  computer  simulation  models  that  demon¬ 
strate  the  impacts  of  the  expected  increases  in  water  levels 
and  disturbance  associated  with  global  climate  change. 

The  southeastern  coastal  region  is  composed  of  vast  ar¬ 
eas  of  wetland  habitat  for  wildlife  and  other  economically 
important  coastal  resources  such  as  shellfish.  Located  on 
the  interface  between  sea  and  land,  these  wetland  habitats 
are  especially  vulnerable  to  sea-level  rise  and  to  drought 
and  flooding  aggravated  by  large-scale  climatic  shifts 
(Giorgi  et  al.  1994;  Intergovernmental  Panel  on  Climate 
Change  1995b).  Coastal  wetlands  along  the  South  Atlantic 
and  Gulf  of  Mexico  coasts  are  especially  sensitive  because 
these  ecosystems  exist  in  a  dynamic  equilibrium  between 
subsidence  and  accretion.  This  equilibrium  is  already  be¬ 
ing  threatened  by  sea-level  rise  (Stevenson  et  al.  1986).  In 
some  coastal  areas,  accretion  is  insufficient  to  balance  sea- 
level  rise,  resulting  in  increased  flooding,  saltwater  intru¬ 
sion  into  freshwater  wetlands,  and  mechanical  erosion 
(Stevenson  et  al.  1986). 

Dramatic  losses  of  the  emergent  marsh  and  forested  wet¬ 
lands  of  coastal  Louisiana  in  recent  decades  may  serve  as 
a  precursor  of  climate  change  impacts,  though  other  hu¬ 
man-induced  causes  also  may  be  at  fault.  Increased  tropi¬ 
cal  storm  activity  may  also  accompany  global  warming  as 
a  function  of  higher  sea  temperatures:  the  kinetic  energy 
of  tropical  storms  and  hurricanes  is  fueled  from  the  heat 
exchange  in  warm  tropical  waters,  and  therefore  an  in¬ 
crease  in  seawater  temperature  can  be  expected  to  increase 
the  probability  of  greater  storm  intensities  (Emanuel  1987). 
Any  increase  in  storm  intensity  will  impose  direct  and  in¬ 
direct  loss  of  wetland  function. 

The  goal  of  this  study  was  to  develop  a  suite  of  spatial 
simulation  models  to  predict  the  impacts  of  global  climate 
change  on  the  coastal  wetlands  of  the  Gulf  Coast  region. 
Computer  simulation  models  can  help  benefit  field  and 
laboratory  studies  by  providing  a  comprehensive  means 
of  integrating  knowledge  of  natural  systems  into  a  holistic 
framework.  Their  greatest  use  is  demonstrated  in  address¬ 
ing  problems  that  are  spatially  and  temporally  extensive 
and  dynamic,  such  as  global  climate  change.  Simulation 
models  can  be  particularly  useful  in  evaluating  variable  or 
long-term  environmental  impacts  that  otherwise  cannot  be 
tested  reliably  with  experimental  methods.  The  same  holds 
true  for  spatial  models  designed  to  account  for  multiscale 
processes  and  phenomena  that  interact  to  control  ecosys¬ 
tem  structure  and  function.  Applications  of  this  study  in¬ 
cluded  the  coastal  habitats  of  St.  Marks  National  Wildlife 
Refuge,  Florida,  and  mangrove-marsh  of  Everglades  Na¬ 
tional  Park,  Florida,  and  adjoining  Federal  lands.  Field 


studies  were  conducted  to  fill  in  knowledge  gaps  regard¬ 
ing  species  and  community  response  to  fire  and  hurricanes. 
Spatial  simulation  models  were  applied  to  predict  habitat 
loss  and  change  under  given  sea-level  rise  projections  and 
hurricane  disturbance  regimes. 

Mangroves 

Mangrove  ecosystems  are  at  their  most  northern  limit 
along  the  South  Atlantic  coastline  of  Florida  and  in  iso¬ 
lated  refugia  of  the  gulf  coast  of  Louisiana  and  Texas.  These 
are  marine-based  forests  which  are  specially  adapted  to 
colonize  and  to  persist  in  saline  intertidal  waters.  Three 
species  are  common  to  the  United  States,  black  mangrove 
{Avicennia  germinans),  white  mangrove  {Laguncularia 
racemosa ),  and  red  mangrove  (Rhizophora  mangle).  Black 
mangrove  is  the  most  cold  tolerant  of  the  three  species, 
though  its  susceptibility  to  frost  and  freeze  damage  pre¬ 
vents  it  from  reaching  full  maturity  in  the  northern  extent 
of  its  range.  Mangroves,  which  are  highly  productive  eco¬ 
systems  and  provide  valued  habitat  for  fisheries  and  shore- 
birds,  are  susceptible  to  lightning  and  hurricane  disturbance, 
both  of  which  occur  with  great  frequency  in  south  Florida. 
The  degree  to  which  mangroves  can  tolerate  prolonged 
flooding  and  extreme  saline  conditions  is  not  known,  though 
evidence  suggests  that  high  water  episodes  from  above¬ 
normal  rainfall  may  be  responsible  for  recent  die-offs.  Sea- 
level  rise  from  climate  change  will  undoubtedly  allow 
mangroves  to  encroach  inland  depending  on  the  resiliency 
of  emergent  wetland  types  and  assuming  that  the  prevail¬ 
ing  vegetation  can  keep  pace  with  the  rate  of  coastal  inun¬ 
dation. 

Experimental  and  Field  Studies 
Supplement  Modeling  Applications 

Field  and  experimental  studies  were  conducted  as  part 
of  this  study  to  improve  our  understanding  of  mangrove 
species  tolerance  and  community  zonation  and  to  aid  mod¬ 
eling  trials  for  study  sites  in  north  and  south  Florida.  Per¬ 
manent  plots  and  greenhouse  experiments  were  instituted 
to  determine  the  growth  habits  and  ecology  of  mangrove 
species  following  hurricane  disturbance.  Field  sites  also 
were  established  along  the  northern  gulf  coast  to  calibrate 
the  impact  of  fire  and  hurricanes  on  the  growth  and  suc¬ 
cession  of  pine  flatwood/marsh  systems. 

Hurricane  Effects  on  South  Florida 
Mangrove  Communities 

Mangrove  ecosystems  predominate  the  coastal  areas 
about  the  lower  Florida  peninsula  where  hurricanes  are 
common.  Tropical  storm  frequency  along  any  given  stretch 
has  been  estimated  at  one  major  event  every  5-10  years. 
Numerous  field  studies  have  documented  the  susceptibil¬ 
ity  and  vulnerability  of  Neotropical  mangrove  species  and 
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systems  to  hurricane  disturbance  (Craighead  and  Gilbert 
1962;  Stoddart  1963;  Craighead  1964,  1971;  Roth  1992; 
Wunderle  et  al.  1992;  Smith  et  al.  1994).  More  recent  in¬ 
vestigations  by  Doyle  et  al.  (1994, 1995)  of  Hurricane  Andrew 
in  1992  on  south  Florida  mangroves  explained  the  varying 
degrees  of  windthrow  and  mortality  relative  to  hurricane 
intensity,  path,  and  direction.  Global  climate  change  fore¬ 
casts  suggest  that  these  coastal  forests  will  be  among  the 
ecosystems  most  immediately  threatened  by  projected  in¬ 
creases  in  sea  level,  salinity,  and  hurricanes.  The  interac¬ 
tive  effects  of  environmental  conditions  that  prevail  in  these 
forests  and  the  changes  that  are  likely  to  occur  in  a  global 
warming  climate  may  lead  to  major  shifts  in  forest  compo¬ 
sition,  structure,  and  function  of  mangrove  ecosystems.  For 
my  study,  a  hurricane  model,  HURASIM,  and  a  mangrove 
forest  model,  MANGRO,  were  combined  in  a  spatially 
distributed  landscape  application  to  review  the  impact  of 
hurricanes  over  the  last  century  on  forest  structure  of  man¬ 
grove  communities  across  south  Florida.  This  integrated  land¬ 
scape  modeling  approach  offered  the  ability  to  evaluate  the 
temporal  and  spatial  variability  of  hurricane  disturbance  over 
the  last  century  and  on  the  local  and  regional  scale. 

Population  Studies 

Forest  inventories  were  conducted  before  and  after  the 
passage  of  Hurricane  Andrew  in  1992  to  assess  and  moni¬ 
tor  the  effects  of  hurricanes  and  climate  change  on  man¬ 
grove  forests.  Remote  videography  was  taken  at  low  alti¬ 
tude  by  helicopter  over  mangrove  forests  along  the  south¬ 
western  coast  of  Florida  to  derive  a  coastwide  assessment 
of  damage  extent  and  pattern.  Coastal  and  inland  transects 
which  were  perpendicular  to  the  hurricane  path  were  flown 
within  the  forest  boundary  of  mangrove  extent  over  Ten 
Thousand  Islands  National  Wildlife  Refuge  and  Everglades 
National  Park.  Continuous  video  footage  was  taken  along 
these  transects  with  recorded  voice  transmissions  of  coor¬ 
dinate  location,  altitude,  flight  speed,  bearing,  and  other 
pertinent  observations  of  ground  damage  on  the  tape.  A 
separate  global  positioning  system  (GPS)  unit  tracked  ex¬ 
act  helicopter  movement  along  with  the  video.  Video  analy¬ 
sis  involved  both  visual  and  image  analysis  protocols  to 
assess  the  degree  of  damage,  windfall  orientation,  and 
canopy  height  of  the  forest  below.  A  systematic  sampling 
approach  was  employed  to  preselect  video  frames  for  analy¬ 
sis  and  georeferencing. 

The  degree  of  forest  damage  increases  within  the 
eyepath  of  storms  with  a  skewed  distribution  of  damage 
that  is  lesser  on  the  backside  of  storms  compared  to  the 
forwardside  for  the  same  distance  from  storm  center  (Fig. 
6-1).  The  results  of  this  study  demonstrate  the  utility  of 
videography  in  capturing  time-  and  space-dependent  re¬ 
sponses  (i.e.,  site  impact  and  recovery)  and  in  increasing 
the  overall  scale  and  area  of  assessment  for  large  phenom¬ 
ena  such  as  hurricanes.  Similarities  and  differences 


Transect  interval 


Figure  6-1.  Mangrove  forest  damage  assessment  of  coastal 
transect  based  on  visual  interpretation  of  canopy  damage  category 
across  hurricane  impacted  zone  of  Everglades  National  Park  and 
Ten  Thousand  Islands  National  Wildlife  Refuge  of  south  Florida. 


between  the  inland  and  coastal  transects  showed  the  gen¬ 
eral  pattern  of  the  eyetrack  where  winds  were  highest  and 
the  circulation  pattern  of  hurricane  winds.  Aerial 
videography  proved  to  be  an  efficient  and  timely  means  to 
document  large-scale  hurricane  damage  and  may  likewise 
help  to  monitor  ecosystem  recovery  in  the  coming  years. 

Additional  field  studies  were  also  conducted  to  obtain 
mangrove  growth  and  stand  structure  data  for  model  de¬ 
velopment.  Over  20  fixed  plots  have  been  established  in 
Everglades  National  Park  and  adjoining  USFWS  refuges 
and  state  lands.  Over  2,000  mangrove  trees  have  been  stem- 
mapped  and  measured.  Field  assessments  of  damage  to 
mangrove  forests  from  Hurricane  Andrew  have  been  ana¬ 
lyzed  and  published  (Doyle  et  al.  1995).  Permanent  field 
sites  were  established  to  assess  the  extent  of  forest  damage 
and  to  monitor  the  rate  and  process  of  forest  recovery 
after  Hurricane  Andrew  moved  across  the  lower  Florida 
peninsula.  It  was  found  that  canopy  trees  suffered  the  high¬ 
est  mortality,  particularly  for  sites  within  and  immediately 
north  of  the  storm’s  eye  wall.  The  type  and  extent  of  site 
damage,  windthrow,  branch  loss,  and  defoliation  gener¬ 
ally  decreased  exponentially  with  increasing  distance  from 
the  storm  path.  Right  quadrant  impacts  were  greater  than 
left  quadrant  effects  for  the  same  given  distance  from  storm 
center.  Stand  exposure,  both  horizontally  and  vertically, 
increased  the  propensity  and  probability  of  forest  dam¬ 
age,  and  accounted  for  much  of  the  local  variability.  Slight 
species  differences  were  found  where  white  mangrove  ex¬ 
ceeded  black  mangrove  and  red  mangrove  in  damage  po¬ 
tential  under  similar  wind  conditions  (Fig.  6-2).  Azimuths 
of  downed  trees  were  strongly  correlated  with  predicted 
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mangrove  mangrove  mangrove  mangrove  mangrove  mangrove 

Figure  6-2.  Proportion  of  severely  damaged  stems  by  species  and  crown  class  for  sites  within  the  eyepath 
and  outside  the  radius  of  maximum  winds. 


windspeed  and  vectors  based  on  a  simulation  of  Hurricane 
Andrew  (Fig.  6-3).  Lateral  branch  loss  and  leaf  defoliation 
on  sites  without  windthrow  damage  indicated  a  degree  of 
crown  thinning  and  light  penetration  equal  to  treefall  gaps 
under  normally  intact  forest  conditions.  Measurements  of 
photosynthetically  active  radiation  (PAR)  attenuation 
through  mangrove  canopies  differentially  impacted  by  hur¬ 
ricane  winds  of  estimated  force  offer  a  means  to  calibrate 
actual  wind  damage  probabilities  on  mangrove  forests  (Fig. 
6-4). 

Little  has  been  documented  about  the  adventitious 
sprouting  habits  of  mangrove  species  and  how  mangrove 
communities  regenerate  following  disturbance.  Hurricane 
Andrew  ravaged  the  mangrove  communities  of  south 
Florida  and  left  extensive  tracts  of  downed  trees.  A  field 
study  was  conducted  in  the  Ten  Thousand  Island  region 
of  the  northern  Everglades  to  determine  the  process  and 
rate  of  mangrove  regeneration  in  blowdown  sites.  Seed¬ 
lings  and  stem  sprouts  of  black,  white,  and  red  mangroves 
were  measured  for  diameter,  height,  and  node  develop¬ 
ment  from  two  sites  of  comparable  species  and  structural 
composition.  Nodes  were  counted,  and  the  length  and  di¬ 
ameter  of  intemodes  were  recorded.  Sampled  trees  included 
stump  and  bole  sprouts  of  downed  and  damaged  black 
mangrove  and  white  mangrove  which  coppiced  prolifically 
in  contrast  to  red  mangrove.  Stump  sprouts  were  on 


Figure  6-3.  Scatter  diagram  and  regression  of  actual  mean  treefall 
azimuths  by  site  and  predicted  wind  angle  at  peak  hurricane  wind 
speeds  from  the  HURASIM  simulation  for  all  sample  sites. 


average  more  than  twice  the  shoot  size,  height,  and  diam¬ 
eter  compared  with  surrounding  bole  sprouts  and  seed¬ 
lings,  Patterns  of  node  development  demonstrated  synchro¬ 
nous  elongation  within  species  and  differences  in  node 
counts  between  species.  Site,  storm,  and  stem  conditions 
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Figure  6-4.  Scatter  diagram  and  curvilinear  fit  of  percent  light  (PAR) 
penetrating  the  residual  forest  canopy  and  maximum  predicted 
wind  speed  from  the  HURASIM  simulation  for  all  sample  sites. 


may  account  for  varying  degrees  of  coppice  success  and 
seedling  responses.  The  findings  suggest  that  different  rates 
of  forest  recovery  might  be  expected  depending  on  the  preva¬ 
lence  of  stump  sprouting. 

Modeling  Climate  Change  Applications 
for  the  Gulf  Coast  Region 

Wetland  systems  are  likely  to  experience  dramatic 
changes  as  a  consequence  of  elevated  carbon  dioxide  and 
associated  environmental  effects  of  climate  change.  Every 
level  of  biotic  organization  from  the  individual  to  the  biome 
has  a  unique  set  of  scalar  and  temporal  properties  and  pro¬ 
cesses  that  ultimately  influence  structure  and  composition. 
It  is  this  complex  mix  of  controlling  factors  operating  at 
different  space  and  time  scales  that  confounds  efforts  to 
identify  unifying  concepts  and  methods  for  classifying  and 
analyzing  natural  systems.  Experimental  studies  are  lim¬ 
ited  by  design  to  addressing  questions  at  a  single  space  or 
time  scale.  Simulation  models,  on  the  other  hand,  offer 
the  potential  to  integrate  across  spatial  and  temporal  scales. 
Elucidating  the  impact  of  climate  change  on  wetland  sys¬ 
tems  requires  both  the  explicit  consideration  of  the  many 
spatial  and  temporal  scales  at  which  system  responses  oc¬ 
cur  and  also  the  incorporation  of  those  links  and  feedbacks 
between  these  scales  as  can  be  expressed  with  the  devel¬ 
opment  of  computer  simulation  models. 

For  this  study,  a  hurricane  simulation  model,  HURASIM, 
was  developed  and  applied  to  correlate  estimated  wind 
speeds  and  vectors  of  past  hurricanes  with  field  data  (Doyle 
and  Girod  1997).  Model  output  was  also  used  as  input  to  a 
landscape  simulation  of  south  Florida  mangroves. 
MANGRO,  a  mangrove  community  dynamics  model,  has 
been  developed  to  simulate  the  birth,  growth,  and  death  of 
mangrove  tree  species  on  a  square  hectare  forest  plot.  A 


landscape  simulation  model  of  south  Florida  (SELVA- 
MANGRO)  was  applied  to  test  the  importance  of  hurri¬ 
canes  in  controlling  mangrove  forest  structure  and  dynam¬ 
ics  (Doyle  and  Girod  1997). 

Simulating  Hurricane  History  and 
Impact 

HURASIM  is  a  spatial  simulation  model  of  hurricane 
structure  and  circulation  intended  for  reconstructing  esti¬ 
mated  windforce  and  vectors  of  past  hurricanes.  Using  his¬ 
toric  tracking  and  meteorological  data  of  dated  North  At¬ 
lantic  tropical  storms  from  1886  to  1990,  the  model  gener¬ 
ates  a  matrix  of  storm  characteristics  (i.e.,  quadrant, 
windspeed,  and  direction)  within  discrete  spatial  units  and 
time  intervals  specified  by  the  user  for  any  specific  storm 
or  set  of  storms.  HURASIM  recreates  the  spatial  structure 
of  past  hurricanes  based  on  a  tangential  wind  function,  in¬ 
flow  angle  offset,  forward  speed,  and  radius  of  maximum 
winds.  Data  input  for  the  model  includes  tracking  infor¬ 
mation  of  storm  position,  latitude  and  longitude,  and  maxi¬ 
mum  sustained  wind  speed  every  six  hours  or  less.  The 
model  offers  a  suite  of  mathematical  functions  and  param¬ 
eter  sets  for  the  tangential  wind  profile  taken  from  other 
hurricane  studies  (Harris  1963;  Bretschneiger  and  Tamaye 
1976;  Neumann  1987;  Kjerfve  et  al.  1986;  Boose  et  al. 
1994).  The  radius  of  maximum  winds  is  determined  from 
the  reported  maximum  sustained  wind  input  and  a  set  of 
empirical  equations.  HURASIM  model  output  from  Hur¬ 
ricane  Andrew  was  correlated  with  field  data  to  construct 
data  tables  of  damage  probabilities  by  site  and  species  and 
to  determine  critical  windspeeds  and  vectors  of  tree  mor¬ 
tality  and  injury.  HURASIM  has  also  been  applied  to  re¬ 
construct  probable  windfields  of  past  hurricanes  for  remote 
field  locations  and  correlated  with  tree  ring  growth  pat¬ 
terns  and  direction  of  leaning  trees  and  downed  logs  (Doyle 
and  Gorham  1996).  HURASIM  has  also  been  used  to  con¬ 
struct  landscape  templates  of  past  hurricane  activity  that  are 
linked  with  landscape  simulation  models  of  coastal  habitat. 

MANGRO  Forest  Model 

MANGRO  is  a  spatially  explicit  stand  simulation  model 
constructed  for  Neotropical  mangrove  forests  composed 
of  black  mangrove,  white  mangrove,  and  red  mangrove. 
This  individual-based  model  is  composed  of  a  species- 
specific  set  of  biological  functions  predicting  the  growth, 
establishment,  and  death  of  individual  trees.  MANGRO 
predicts  the  tree  and  gap  replacement  process  of  natural 
forest  succession  as  influenced  by  stand  structure  and 
environmental  conditions.  The  position  of  each  tree  is  ex¬ 
plicitly  defined  on  a  planar  coordinate  system  with  a  de¬ 
fault  stand  area  of  1  ha  (100  m  per  side).  Stand  configura¬ 
tion  was  based  on  intact  forest  conditions  with  no  edge 
effects.  Canopy  structure  is  modeled  as  a  three-dimensional 
process  of  crown  height,  width,  and  depth  in  relation  to 
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sun  angle  and  shading  by  neighboring  trees.  Tree  growth 
was  based  on  growth  potential  for  a  given  tree  size  reduced 
by  the  degree  of  light  available  to  the  individual  tree  and 
species  response  to  shade.  Mortality  is  modeled  as  a  self¬ 
thinning  process  dictated  by  prolonged  suppression,  senes¬ 
cence,  and  disturbance  factors,  primarily  hurricanes. 

Hierarchia!  Integration  of  MANGROVE 
and  HURASIM  for  South  Florida 
Landscape 

Both  MANGRO  and  HURASIM  were  projected  onto  a 
compartmentalized  landscape  of  south  Florida  at  a  scale 
equal  to  a  7.5  minute  quadrangle.  Forty-one  cells  of  an 
uneven  matrix  design  were  identified  across  the  lower  pen¬ 
insula  of  Florida,  which  contains  mangrove  habitat.  Each 
cell  represented  an  intact  forest  condition  approximated 
by  an  independent  simulation  of  the  MANGRO  model.  Ini¬ 
tial  forest  conditions  were  set  with  a  normally  distributed 
population  of  mature  mangrove  trees  approximating  a  mean 
stand  diameter  of  50  cm  and  a  mean  stand  age  of  125  years. 
Seedling  ingrowth  was  maintained  stochastically  at  1  plant 
per  square  meter  every  year  to  maintain  a  fully  stocked 
stand  for  continuous  recruitment.  Equal  probability  was 
given  to  seedling  recruitment  by  any  species  for  any  land 
area.  Tree  growth  was  constrained  by  size  and  light  avail¬ 
ability.  A  logistic  growth  function  was  constructed  with 
observed  data  and  generalized  for  all  species  taken  from 
Craighead  (1971)  and  Doyle  et  al.  (1995).  Stand  data  from 
10-,  30-,  and  60-year-old  stands  were  used  to  approximate 
an  empirical  growth  curve  (Doyle  and  Girod  1997).  Light 
availability  was  calculated  for  the  crown  zone  and  height 
of  each  tree  as  a  function  of  light  penetration  through  the 
canopies  of  taller  neighbors.  Light  attenuation  was  calcu¬ 
lated  with  Beer’s  Law  based  on  a  maximum  leaf  area  index 
of  5.5.  Growth  was  limited  by  shade  tolerance  (red  man¬ 
grove  having  more  shade  tolerance  than  black  mangrove, 
which  in  turn  has  more  than  white  mangrove)  based  on  a 
set  of  light  response  curves  constructed  from  a  concurrent 
experimental  study  (Doyle  and  Girod  1997).  Sea-level  and 
salinity  conditions  were  assumed  to  be  optimum  for  this 
simulation  for  all  quadrangles  whether  seaward  or  not. 
Mortality  was  modeled  as  a  stochastic  process  of  age,  sup¬ 
pression,  and  hurricane  impact  derived  from  damage  prob¬ 
ability  curves  developed  from  observed  data  of  the  effects 
of  Hurricane  Andrew  in  1992  (Doyle  et  al.  1994, 1995)  (Fig. 
6-5).  If  in  any  given  year  of  the  simulation  a  predicted 
hurricane  windforce  exceeded  30  m/s,  a  probability  was 
derived  based  on  windspeed  from  which  a  percentage  of 
the  standing  crop  or  trees  were  stochastically  removed  from 
the  forest  simulation.  Trees  that  failed  to  maintain  30%  of 
potential  growth  accumulated  an  increasing  probability  of 
death  by  suppression  such  that  less  than  1%  were  likely  to 
survive  10  years. 


Figure  6-5.  Damage  probability  curves  calibrated  from  field 
observations  showing  the  percentage  of  mangrove  trees  killed  at 
given  predicted  wind  speeds  under  expected  hurricane  impact 
(moderate)  and  for  extreme  (high)  and  nominal  (low)  impact 
scenarios. 


Hindcast  Simuiations  of  Hurricane 
Tracks  and  Mangrove  Community 
Response 

Four  treatment  effects  were  implemented  in  this  study, 
including  a  no-hurricane  simulation  contrasted  with  a  low, 
moderate,  and  high  mortality  effect  that  increases  with  cor¬ 
responding  increases  in  windspeed  (Fig.  6-5).  A  hindcast 
simulation  for  1886  through  1989  was  achieved  by  pass¬ 
ing  hurricane  and  site  specific  information  from  the 
HURASIM  model  to  the  associated  MANGRO  simulation 
for  common  cells.  A  cumulative  assessment  of  hurricane 
impact  was  achieved  by  averaging  stand  attributes  and  size 
for  the  entire  simulated  landscape  and  time  interval  from 
1890  to  1989.  Simulations  of  hurricane  tracks  and  history 
for  south  Florida  showed  that  storm  frequency  and  inten¬ 
sity  varied  across  the  landscape  (Doyle  and  Girod  1997). 
Hurricane  frequencies  by  quadrangle  for  the  period  of 
record  showed  that  the  number  of  storms  with  winds  ex¬ 
ceeding  30  m/s  were  more  numerous  on  the  Atlantic  side 
than  the  gulf  side  of  Florida’s  lower  peninsula  (Fig.  6-6). 
The  southwest  coast  of  Florida  has  endured  stronger  storms 
on  record  than  the  gulf  and  Atlantic  coasts  to  the  north. 
The  combined  layering  of  hurricane  impact  showed  that 
there  are  portions  of  the  south  Florida  landscape  that  have 
received  more  frequent  and  more  intense  storm  activity 
than  other  portions. 

Hindcast  simulations  of  actual  hurricane  tracks  and  con¬ 
ditions  seem  to  account  for  the  structural  composition  of 
modern  day  mangrove  forests  across  south  Florida.  The 
periodicity  of  major  storms  every  30  years  in  this  century 
may  be  the  most  important  factor  controlling  mangrove 
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across  south  Florida  predicted  by  HURASIM  model  for  mangrove  habitat  for  the  period  1886-1989. 


ecosystem  dynamics  in  south  Florida.  The  most  signifi¬ 
cant  changes  in  forest  structure  summarized  by  decade 
followed  a  few  major  storms  with  tracks  that  subtended 
the  larger  distribution  of  mangrove  habitat  (Fig.  6-7).  Glo¬ 
bal  climate  change  models  predict  an  increase  in  hurri¬ 
cane  intensity  over  the  next  century  that  may  further  alter 
the  structure  and  composition  of  this  mangrove  landscape 
(Emanuel  1987).  As  damage  potential  increases  from  low 
to  high,  forest  structure  is  increasingly  reduced.  Model 
results  of  climate  change  scenarios  (high  damage  prob¬ 
ability)  indicate  that  future  mangrove  forests  are  likely  to 
be  diminished  in  stature  and  perhaps  include  a  higher 


proportion  of  red  mangroves.  Present  day  forest  structure 
from  select  locations  across  the  south  Florida  landscape 
compared  similarly  to  model  results  from  the  moderate 
storm  damage  function.  The  integrative  modeling  approach 
of  combining  physical  models  like  HURASIM  with  bio¬ 
logical  models  like  MANGRO  offers  the  ability  to  assess 
large  scale  and  long-term  processes  of  climate-related  phe¬ 
nomena  on  natural  ecosystems.  Decadal  and  longer  time 
scale  changes  in  hurricane  behavior  and  regularity  may  be 
much  more  significant  in  shaping  mangrove  community 
structure  and  distribution  on  the  landscape  than  can  be 
evaluated  by  field  studies  alone. 
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Figure  6-7.  Mean  stand  diameter  (cm)  for  a  composite  sampling 
of  all  41  stand  simulations  of  mangrove  habitat  for  each  decade 
under  no-hurricane,  low,  moderate,  and  high  impact  scenarios  for 
the  period  of  hum’cane  history  1 886-1 989. 


Projecting  Land  Cover  Change  and 
Shift  of  Marshes  and  Forests  in 
Northwest  Fiorida 

Wildlife  preserves  and  refuges  in  coastal  areas  of  our 
nation  are  slowly  being  inundated  by  increasing  sea  level. 
Wanning  of  our  global  environment  threatens  to  speed  the 
rate  of  sea-level  rise  and  perhaps  further  amplify  the  detri¬ 
mental  effects  of  tropical  storms,  droughts,  and  lightning 
fires.  During  this  study,  research  was  conducted  to  exam¬ 
ine  the  impacts  of  possible  climate  change  scenarios  on 
the  functional  wetland  landbase  and  habitat  of  Federal 
parks  and  refuges  along  the  Gulf  of  Mexico.  A  site  applica¬ 
tion  of  a  GIS-based  simulation  model,  WETLANDS,  was 
developed  to  predict  ecosystem  response  to  changing  en¬ 
vironmental  conditions  for  wetland  complexes  of  the  Big 
Bend  region  in  northwest  Horida.  The  model  contains  func¬ 
tional  attributes  of  community  sensitivity  to  hydrologic 
conditions  linked  with  a  GIS  data  base  of  site  characteris¬ 
tics,  including  habitat  type,  elevation,  soils  and  land  use. 

Regionai  Study  Site,  Big  Bend,  Fiorida 

The  site  application  includes  both  the  aquatic  and  ter¬ 
restrial  habitats  of  St.  Marks  National  Wildlife  Refuge  in 
the  Big  Bend  region  of  northwest  Florida  (Fig.  6-8).  The 
refuge  is  simated  approximately  32  km  south  of  Tallahassee 
and  covers  parts  of  Wakulla,  Jefferson,  and  Taylor  coun¬ 
ties.  The  total  area  of  federally  owned  land  incorporates 
26,163  ha.  Of  the  total  area,  12,758  ha  are  open  water  in 


Modified  from  ciassification  of  TM  imagery 
provided  by  Fiorida  Fish  and  Game  Commission 

Figure  6-$.  Habitat  map  of  Big  Bend  coastal  region  including  the  area  of  St.  Marks  National  Wildlife  Refuge  south  of  Tallahassee, 
Florida. 
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Apalachee  Bay  and  12,993  ha  are  forest  and  marsh.  The 
refuge  is  bordered  by  Apalachee  Bay  on  the  south, 
Ochlockonee  Bay  on  the  west,  and  Aucilla  River  on  the 
east.  The  reserve  was  purchased  in  1929  and  is  one  of  the 
oldest  refuges  in  the  entire  system  of  the  U.S.  Fish  and 
Wildlife  Service.  The  refuge  landscape  is  characterized  by 
a  relatively  low  elevational  gradient  that  is  intersected  by 
several  rivers  and  a  number  of  freshwater  springs  and  in¬ 
tertidal  creeks.  Upland  pine  sandhills  drain  into  wet  pine 
flatwoods  and  hardwood  swamps  within  the  freshwater 
zone  and  into  tidal  salt  marsh  and  mudflats  at  bay’s  edge. 
Seagrass  beds  are  abundant  throughout  Apalachee  Bay,  a 
shallow  microtidal  system  open  to  the  Gulf  of  Mexico.  El¬ 
evations  of  these  major  habitat  types  range  from  below  sea 
level  for  seagrass;  0.0-0.6  m  msl  for  salt  and  fresh  marsh; 
0.3- 1.2  m  msl  for  lowland  pine,  palm,  and  hardwood  ham¬ 
mocks;  1.2-1.8  m  msl  for  bottomland  hardwood  and  pine 
flatwoods;  and  more  than  1.8  m  msl  for  pine  sandhill  and 
oak  associations  in  the  higher  elevations  approaching  12.2 
m  msl.  The  absence  of  relief  contributes  to  the  largely  wet¬ 
land  composite  of  vegetation  types. 

Zonation  of  Coastal  Marsh  and  Forest 
Species  and  Systems 

Land  elevation  and  water  depth  are  key  factors  control¬ 
ling  habitat  type  and  distribution  in  this  coastal  environ¬ 
ment.  Plot  and  transect  surveys  were  conducted  to  derive 
a  conceptual  model  of  community  types  and  succession 
under  different  environmental  conditions  and  disturbance 
regimes.  The  ability  to  predict  landward  transgression  of 
coastal  marsh  caused  by  sea-level  rise  depends  on  knowl¬ 
edge  of  the  current  vegetation  distribution  linked  to  land 
elevation.  Vegetation  descriptions  and  elevation  data  were 
collected  from  the  forest-marsh  ecotone  at  St.  Marks  Na¬ 
tional  Wildlife  Refuge  near  Tallahassee,  Florida.  First- 
order  benchmarks  were  used  to  open  and/or  close  transects 
across  the  ecosystem  ecotone  in  several  watersheds  within 
the  refuge  boundary;  most  surveys  closed  to  within  0.254 
cm.  Station  locations  were  established  every  30  m  along  a 
given  transect  from  which  land  elevation  and  vegetation 
cover  and  stature  were  recorded.  Field  data  were  verified 
by  constructing  histograms  of  vegetation  distribution  with 
surface  elevation.  Eleuterius  and  Eleuterius  (1979)  used 
transit  surveys  and  tide  gauge  recordings  to  relate  the  nar¬ 
row  elevation  ranges  of  smooth  cordgrass  {Spartina 
alterniflora)  and  needlegrass  rush  ijuncus  roemerianus) 
in  a  Mississippi  marsh  to  tidal  inundation  frequency  and 
duration.  Using  the  same  methods,  I  correlated  vegetation 
to  elevation  in  a  needlegrass  rush  marsh  at  St.  Marks 
National  Wildlife  Refuge  and  used  the  results  to  pre¬ 
dict  elevation  from  vegetation.  The  results  were  applicable 
to  four  different  drainage  basins  along  the  coast. 

The  significance  of  this  field  study  was  the  fact  that  I 
was  able  to  plot  elevation  contours  within  the  needlegrass 


rush  marsh  landscape  by  identifying  the  vegetation  on  aerial 
photography  and  even  satellite  imagery.  Sand  flats  occu¬ 
pied  by  batis  and  pickleweed  (Salicomia)  are  highly  vis¬ 
ible  on  remote  imagery  and  occur  at  the  same  elevation  as 
mean  high  water  (app.  36-40  cm  above  mean  sea  level) 
from  predicted  tide  tables  for  the  area.  Also  highly  visible 
is  the  distinct  marsh-forest  boundary  which  occurs  near 
the  elevation  of  the  highest  predicted  tides  from  the  same 
tide  tables  (60-70  cm  above  mean  sea  level).  Additional 
surveys  are  required  to  determine  whether  those  two  tide 
regimes  (mean  high  water  and  level  of  highest  predicted 
tides)  are  significant  vegetation  delineators  in  other  marshes 
with  different  tide  ranges.  Although  Stout  (1984)  provides 
excellent  descriptions  of  the  community  structure  and  el¬ 
evation  profiles  of  this  type  of  gulf  coast  needlegrass  rush 
salt  marsh,  the  results  of  this  study  go  a  step  further  with  a 
spatial  analysis  and  mapping  of  the  elevation  contours  us¬ 
ing  the  vegetation  as  a  guide. 

Development  of  Landbase  Digital 
Elevation  Model 

A  digital  elevation  model  of  the  study  area  was  con¬ 
structed  to  track  the  process  and  pattern  of  coastal  inunda¬ 
tion  over  space  and  time  for  projections  of  sea-level  rise. 
Map  information  of  hypsography  and  bathymetry  of  the 
study  area  were  digitized  from  a  series  of  coastal  map  prod¬ 
ucts  obtained  from  USGS  7.5'  quadrangle  maps  (1:24,000 
scale)  and  National  Oceanic  and  Atmospheric  Administra¬ 
tion  (NOAA)  hydrographic  charts  (1 :20,000  scale).  A  stan¬ 
dardized  algorithm  and  application  program  (ARC-INFO/ 
TOPOGRID)  was  used  to  construct  a  high  resolution,  30- 
m,  digital  elevation  model  (DEM)  (Fig.  6-9).  Classified 
thematic  mapper  imagery  at  30-m  pixel  resolution  of  aquatic 
and  terrestrial  habitat  at  a  community  level  was  obtained 
from  the  Florida  Department  of  Transportation  to  begin 
model  simulation  by  vegetative  type.  Model  simulations 
were  generated  to  predict  a  likelihood  index  of  habitat 
change  and  conversion  under  flooded  conditions  for  dif¬ 
ferent  scenarios  of  sea-level  rise.  Model  results  were  dis¬ 
played  in  a  GIS  system  and  format  illustrating  habitat  type 
and  locations  subject  to  change  under  altered  environmen¬ 
tal  conditions.  The  WETLANDS  model  provides  an  inte¬ 
grated  GIS-modeling  framework  whereby  functional  pro¬ 
cesses  of  ecological  change  can  be  linked  with  data  struc¬ 
tures  of  community  and  landscape  composition. 

Coastal  Wetland  Habitat  Loss  and 
Migration 

Sea-level  rise  was  simulated  based  on  a  series  of  case 
projections — low,  mid,  and  high — adopted  from  the  In¬ 
tergovernmental  Panel  on  Climate  Change  (1990)  for  2(XX)  to 
2100  A.D.  (Fig.  6-10).  At  these  levels,  major  portions  of  the 
coastal  zone  in  this  region  will  be  permanently  inundated 
over  the  next  century,  bringing  about  a  migration  and  loss 
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Figure  6-9.  Digital  elevation  model  for  Big  Bend  coastal  region  encompassing  St.  Marks  National  Wildlife  Refuge  south  of  Tallahassee, 
Florida. 


in  the  total  area  and  proportion  of  some  habitats.  The  model 
incrementally  increases  the  flooding  height  on  an  annual 
basis  according  to  the  predicted  change  in  sea-level  by 
year  for  each  sea-level  scenario.  It  determines  whether  or 
not  habitat  conversion  and/or  loss  occur  as  successive  cells 
from  coastal  waters  exceed  the  land  elevation  height  of 
inland  terrestrial  vegetation  and  the  tolerance  of  the  exist¬ 
ing  vegetation  type  for  another  more  tolerant  vegetation. 
Probability  functions  of  species  and  community  tolerance 
to  coastal  inundation  and  elevation  have  been  calibrated 
from  field  surveys  and  are  used  to  predict  habitat  succes¬ 
sion  under  sea-level  rise.  The  model  keeps  track  of  the 
total  number  of  cells  by  habitat  and  net  cell  loss  or  gain  by 
year  for  output. 

Because  of  low  relief,  model  simulations  predict  sig¬ 
nificant  shoreline  changes  and  inundation  of  current  ter¬ 
restrial  vegetation  zones  under  all  three  IPCC  (1995)  sea- 
level  rise  projections  (Fig.  6-11).  Results  show  that  there 
is  a  large  landbase  that  will  be  converted  from  marsh  to 


open  water  and  forest  to  marsh.  However,  due  to  the  slope 
of  the  landform,  coastal  marsh  is  predicted  to  increase 
slightly  in  land  cover  as  it  migrates  upslope  and  replaces 
existing  forest  habitat.  A  significant  portion  of  coastal 
pinelands  standing  at  or  below  the  1-m  contour  will  be  di¬ 
rectly  affected  by  a  projected  sea  level  increase  of  0.95  m 
(high)  over  the  next  century  will  be  lost  (Fig.  6-11).  There 
will  be  an  effective  migration  of  emergent  marsh  into  for¬ 
ested  zones  though  an  overall  net  loss  of  terrestrial  habitat 
to  an  open  water  environment.  The  use  of  elevation  sur¬ 
vey  data  and  surrogate  contouring  based  on  ecotone  bound¬ 
aries  and  tide  projections  added  to  the  detail  and  accuracy 
of  interpolating  the  landform  between  shoreline  and  the 
1.5-m  contour  and  for  predicting  habitat  loss/gain  under 
increasing  sea-level  conditions.  This  modeling  approach 
offers  a  technological  tool  for  research  and  policy  purposes 
that  allows  for  effective  land  and  water  management,  risk 
assessment,  and  cumulative  impact  analysis  of  wetland  sys¬ 
tems  and  landscapes. 
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Figure  6-10.  Sea-level  rise  projections  and  equations  for  case 
scenarios  of  low,  moderate,  and  high  cases  based  on 
Intergovernmental  Panel  on  Climate  Change  1995. 


Sea-Level  Rise  (m) 

Figure  6-12.  Predicted  changes  of  net  loss  and/or  gain  of  coarse 
habitat  types,  open  water,  emergent  marsh,  and  forest  for  low, 
mid,  and  high  sea-level  rise  (m)  projections  by  the  year  2100  as 
determined  from  the  IPCC  1990. 


Figure  6-11.  Predicted  shoreline  change  and  coastal  inundation  at  15-,  50-,  and  95-cm  estimates  of  sea-level  rise  by  the  year  2100 
based  on  IPCC  (1995)  projections. 
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Ecological  Models:  what  are  they  and  what  do  they  predict? 

Ecological  models  vary  in  design  and  detail  but  all  have  a  common  purpose:  to  predict  change  in  biological  response  in 
relation  to  a  change  in  environment.  Simulation  models  include  sets  of  dynamic  functions  and  relationships  that  describe 
the  organization  or  function  of  a  biotic  constituent  in  relation  to  a  set  of  biotic  and  environmental  conditions.  In  either 
case,  a  model  represents  a  simplification  of  a  real  world  phenomenon  or  process,  whether  of  a  single  cell,  single  plant, 
community,  or  entire  biosphere.  The  response  variable  and  state  conditions  will  vary  depending  on  the  domain  and  the 
specific  processes  and  problem  involved.  A  typical  model  may  operate  within  a  single  domain  of  biotic  organization  such 
as  the  cell,  organ,  organism,  species,  population,  community,  ecosystem,  or  biome.  For  example,  ecophysiological  models 
of  leaf  layer  dynamics  may  share  the  same  domain  (i.e.,  leaf),  but  vary  in  detail  and  complexity  depending  on  what 
processes  are  included  (i.e.,  photosynthesis,  respiration,  transpiration,  stomatal  conductance,  etc.)  and  the  manner  in 
which  they  are  modeled.  Individual-based  models  are  perhaps  the  most  common  model  type  that  uses  the  individual 
organism,  plant  or  animal,  as  its  common  unit  of  study.  Ecosystem  models  are  broadly  defined  model  types  that  predict  the 
state  of  some  collective  association  of  plant  and  animal  populations  for  a  given  environmental  setting.  Ecological  models, 
therefore,  may  include  a  suite  of  model  types  applicable  across  a  range  of  spatial  and  temporal  scales  and  biological 
domains. 

Most  ecological  models,  however,  have  been  designed  to  predict  dynamic  behavior  at  a  single  point  in  space  through 
time.  With  the  advent  of  workstation  technology  in  recent  years,  models  have  become  increasingly  spatially  explicit  and 
computationally  robust.  Global  scale  modeling  of  the  carbon  cycle  has  advanced  to  address  issues  of  the  role  of  terrestrial 
systems  in  the  larger  climatic  cycle.  Geographic  information  systems  (GIS)  program  applications  provide  a  software  ap¬ 
proach  to  managing  and  querying  large  data  structures  for  regional  applications  in  a  rule-based  manner  similar  to  simula¬ 
tion  models.  Certain  individual-based  and  ecosystem  models  have  been  upgraded  to  operate  within  a  spatially  distributed 
context  to  address  landscape-scale  questions  of  climate  change  effects  on  system  function  and  organization. 

The  Sea  Level  Affecting  Marshes  Model  (SLAMM)  is  one  example  of  a  map-based  simulation  model  for  predicting 
sea-level  rise  for  given  geographic  locations.  The  U.S.  Environmental  Protection  Agency  has  used  this  raster-based  model 
to  estimate  probable  losses  of  coastal  wetlands  to  tidal  inundation  under  given  climate  change  scenarios.  The  agency  has 
developed  multiple  versions  of  the  model  to  investigate  sea-level  rise  implications  for  coastal  wetlands:  SLAMM2  (Park 
et  al.  1989),  and  SLAMM3  (Park  et  al.  1993).  The  model  simulates  wetland  conversion  and  shoreline  erosion  under 
varying  rates  of  future  sea-level  rise  (Lee  et  al.  1992).  Land  cover  type  and  elevation  serve  as  the  primary  data  layers. 
Relative  sea-level  change  is  modeled  as  a  function  of  the  historic  eustatic  trend  (e.g,,  1.2  mm/year),  and  regional  subsid¬ 
ence  factors,  augmented  with  a  projected  sea-level  rise  scenario.  Sedimentation  and  accretion  rates  may  vary  locally  as  a 
function  of  proximity  and  connectivity  to  streams  and  coastal  influences.  Model  results  are  saved  as  habitat  class  maps  that 
are  subsequently  tabularized  to  give  grid  cell  counts  of  habitat  change  by  time  period  with  respect  to  sea-level  height. 

Landscape  models  are  in  a  relatively  sophisticated  class  of  ecosystem  models  that  involve  spatially  distributed  opera¬ 
tions  and  connectivity  within  a  landscape  that  may  include  multiple  ecosystem  types  and  models.  Coastal  wetland  systems 
consist  of  a  matrix  of  wetland  (and  sometimes  upland)  landform  types  that  are  linked  by  physical  and  biological  processes. 
Understanding  the  contribution  and  process  of  controlling  factors  important  at  different  space  and  time  scales  demands  a 
landscape  approach  that  combines  ecosystem  models  with  a  spatial  model.  The  landscape  approach  provides  a  more 
comprehensive  framework  for  integrating  the  complex  interrelationships  of  changing  environmental  and  biotic  factors 
across  spatially  and  temporally  dynamic  landscapes.  In  wetland  systems,  landscape  models  simulate  projected  changes  in 
the  physical  environment  (i.e.,  hydrology,  soils)  interdependently  with  the  associated  biotic  response  to  forecast  resultant 
changes  in  habitat  distribution  and  quality.  Landscape  level  applications  often  use  GIS  capabilities  to  construct  spatial  data 
structures  of  initial  conditions  and  to  capture  spatial  and  temporal  variability  of  model  predictions. 

One  approach  of  modeling  spatial  dynamics  is  to  arrange  various  ecosystem  models  and  connect  them  with  fluxes  of 
water  and  nutrients  in  a  manner  analogous  to  the  general  circulation  models  (GCM’s)  currently  used  in  long  term  climate 
modeling.  This  approach  has  been  attempted  in  only  a  few  cases  for  ecosystem  modeling  in  the  past  (Botkin  et  al.  1972). 
In  general,  these  past  applications  were  relatively  successful,  and  their  rarity  is  probably  due  to  the  size  and  complexity  of 
the  resultant  models,  as  well  as  the  difficulty  of  assembling  the  necessary  data  bases.  These  limitations  are  rapidly  disap¬ 
pearing  with  the  increasing  availability  of  remote  sensing  data  and  computing  capability.  The  Coastal  Ecological  Land¬ 
scape  Spatial  Simulation  (CELSS)  model  is  a  process-based  spatial  simulation  model  of  this  construction  for  two  marsh- 
estuarine  complexes  in  south  Louisiana,  the  Atchafalaya/Terrebonne  Basin  (2,500  km^)  and  Barataria  Bay  (5,000  km^; 
Costanza  et  al.  1990;  White  et  al.  1991).  The  study  areas  are  represented  as  an  integrated  matrix  composed  of  l-km^  cells. 
Each  cell  contained  a  dynamic  ecosystem  simulation  model  that  was  habitat-type  dependent.  The  model  tracks  the  pro¬ 
jected  change  in  ecosystem  type,  water  level  and  flow,  sedimentation,  subsidence,  salinity,  primary  production,  and  nutri¬ 
ent  pools.  Model  validation  was  accomplished  by  matching  model  predictions  for  ecosystem  type  with  current  and  histori¬ 
cal  maps  of  habitat  distribution.  This  modeling  approach  provides  a  comprehensive  framework  for  synthesizing  the  direct 
and  indirect,  spatial,  and  temporal  responses  of  coinciding  natural  and  human-induced  factors  affecting  coastal  ecosys¬ 
tems.  Model  applications  included  evaluations  of  surface  water  management  and  climate  change  effects  of  rising  sea  level. 
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Reconstructing  Hurricane  History  and  impact 

Hurricanes  are  episodic  climatic  events  of  formidable  force  and  destruction  to  both  developed  and  undevel¬ 
oped  areas.  The  regularity  and  severity  of  tropical  storms  are  major  determinants  controlling  ecosystem  structure 
and  development  for  coastal  forests  worldwide.  Long-term  monitoring  of  hurricane  impact  and  ecosystem  recov¬ 
ery  is  needed  to  understand  how  some  coastal  systems  adapt  and  respond  to  large-scale  disturbances.  Tree-rings 
have  traditionally  been  used  to  reconstruct  past  climate  and  disturbance  phenomena,  including  drought,  fire, 
floods,  insect  outbreaks,  earthquakes,  and  volcanic  eruptions.  A  few  studies  have  addressed  the  effects  of  hurri¬ 
cane  impact  on  subsequent  forest  growth  and  succession.  Pillow  (1931)  associated  compression  wood  develop¬ 
ment  in  longleaf  pine  with  hurricane  injury.  Doyle  and  Gorham  (1996)  and  Gorham  (1992)  found  missing  rings 
and  abrupt  growth  changes  in  years  immediately  following  major  hurricanes  among  pines  along  the  gulf  coast  of 
Alabama  and  Mississippi,  while  a  study  by  Merrens  and  Peart  (1992)  noted  increased  radial  growth  of  hard¬ 
woods  in  New  Hampshire  following  a  1938  hurricane.  Akachuku  (1993)  reported  differences  in  crown  morphol¬ 
ogy  and  bole  shape  as  a  function  of  50  years  of  regrowth  following  hurricane  damage  among  red  pines  {Pinus 
resinosa)  at  Harvard  Forest  in  Petersham,  Massachusetts.  Using  a  computer  model  of  forest  growth  and  succes¬ 
sion,  Doyle  (1981)  showed  that  hurricane  frequency  plays  a  major  role  in  maintaining  the  species  diversity  and 
structural  characteristics  of  insular  forests  of  the  Caribbean. 

Field  surveys  have  been  conducted  throughout  the  Gulf  of  Mexico  region  to  establish  baseline  data  on  forest 
response  to  hurricane  impact  and  history.  Aerial  videography,  permanent  plots,  and  tree-ring  analyses  have  been 
used  to  assess  the  degree  and  expression  of  hurricane  damage  and  recovery  for  more  than  20  coastal  parks  and 
preserves  along  the  gulf  coast  areas  of  Louisiana,  Mississippi,  Alabama,  and  Rorida.  Spatial  analyses  of  these 
data  show  a  pattern  of  non-random  windthrow  orientation  and  stem  class  distributions  that  are  related  to  the  size, 
path,  and  intensity  of  past  hurricanes,  and  more  recently  to  Hurricane  Andrew  (1992).  A  spatial  simulation  model 
of  hurricane  abiotics,  HURASIM,  was  applied  to  reconstruct  chronologies  of  hurricane  windforce  and  vectors 
for  each  site  derived  from  historic  tracking  data  of  North  Atlantic  tropical  storms  including  Hurricane  Andrew. 
The  model  generated  a  matrix  of  storm  characteristics  (i.e.,  quadrant,  windspeed,  and  direction)  within  discrete 
spatial  units  and  time  slots  over  the  period  of  Hurricane  Andrew’s  passing  and  for  all  previous  storms  specific  to 
each  study  site.  The  HURASIM  model  output  was  correlated  with  ground  and  mapped  data  to  construct  data 
tables  of  damage  probabilities  by  site  and  species  and  to  determine  critical  windspeeds  and  vectors  for  each 
storm’s  path.  Tree-ring  analyses  of  past  growth  demonstrated  significant  departures  from  expected  growth  trends 
coincident  with  hurricane  events.  Sites  and  events  demonstrating  growth  departures  were  correlated  with  storm 
proximity,  intensity,  and  assymetry  with  respect  to  windspeed.  Impacts  could  be  detected  as  far  as  96.5  km  per 
hour  from  the  eye  when  windspeeds  still  exceeded  177  km  per  hour.  This  study  provides  a  baseline  of  the  spatial 
extent  to  which  hurricanes  can  affect  coastal  environments  depending  on  storm  strength  and  orientation  and  on 
forest  conditions.  Empirical  relationships  drawn  from  this  work  have  been  incorporated  into  simulation  models 
of  forest  growth  and  succession  for  mangrove,  pine  flatwood,  and  bottomland  hardwood  systems  of  the  gulf  coastal 
region. 
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Abstract:  We  developed  a  number  of  satellite  remote  sensing  tools  that  could  dynamically  monitor  coastal 
resource  change  and  response  to  sea-level  rise  caused  by  global  climate  change  and  other  natural  (e.g.,  fire,  storm 
impact,  herbivory)  and  human  (e.g.,  fire,  flood  control  structures,  oil  spills,  mitigation,  and  restoration)  impacts. 
Together,  these  tools  could  immediately  help  provide  improved  coastal  regulation  and  management  and 
eventually  produce  improved  long-term  simulations  given  a  variety  of  “what  if’  scenarios.  Within  the  package 
of  tools,  new  methods  were  developed  to  dynamically  detect  flooding  under  grass  canopies,  generate  coastal 
maps  with  microtopography  within  about  8  to  14  cm,  detect  and  predict  the  time-since-bum  of  a  black  needlerush 
(Juncus  roemerianus)  marsh  up  to  900  days  after  the  bum,  and  combine  sensors  of  different  spatial  and  spectral 
ranges  and  resolutions  to  provide  a  higher  spatial  resolution  and  a  more  refined  coastal  classification  and 
detection  system. 
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Introduction 

Coastal  resources  already  threatened  by  natural  and  hu¬ 
man-induced  stress  are  faced  with  further  degradation  un¬ 
less  action  is  taken  to  provide  for  increases  in  sea  level  and 
continued  development.  As  part  of  an  effort  to  provide 
timely  and  accurate  information  on  a  regional-to-intema- 
tional  scale,  we  developed  a  number  of  satellite  remote 
sensing  tools  that  could  dynamically  monitor  coastal  hy¬ 
drology  and  wetland  changes.  Equipped  with  these  tools, 
researchers  and  managers  can  begin  to  hnk  coastal  hydrol¬ 
ogy  to  vegetation  characteristics  and,  consequently,  develop 
a  better  understanding  of  the  expected  responses  of  the 
coastal  ecosystem  to  sea-level  rise.  Furthermore,  these  tools 
provide  methods  for  monitoring,  and  eventually  predict¬ 
ing,  coastal  response  to  continued  development  and  natu¬ 
ral  (e.g.,  fire,  herbivory,  storm  impact)  and  managed  (e.g,, 
fire,  flood  control  structures,  coastal  mitigation,  and  resto¬ 
ration)  forces.  In  turn,  these  methods  could  provide  infor¬ 
mation  that  resource  managers  and  regulatory  agencies  need 
to  develop  improved  and  consistent  wedand  response  mod¬ 
els  and  provide  a  basis  for  allocating  financial  resources 
and  directing  responses  to  influences  causing  wetland 
change  or  loss. 

Background 

The  formation  and  health  of  wetland  ecosystems  is  di¬ 
rectly  linked  to  surface  hydrology  (Imhoff  and  Gesch 
1990).  In  coastal  wetlands,  hydrology  is  dominated  by 
surface  topography,  terrestrial  surface  drainage,  soil  hy¬ 
draulic  character,  and  local  tidal  dynamics.  The  topographic 
contour  and  water  level,  however,  determine  the  frequency, 
duration,  and  depth  of  flooding.  As  a  consequence,  criti¬ 
cal  controls  of  wetland  type,  productivity,  and  health,  such 
as  the  level  of  soil  salinity,  the  saturation  of  the  soil,  and 
the  balance  between  particle  import  and  export,  are  ulti¬ 
mately  tied  to  the  topography  (Chabreck  1970;  Redfield 
1972;  Stumpf  1983;  Stevenson  et  al.  1985;  Mine  et  al.  1988; 
Reed  1989;  Imhoff  and  Gesch  1990;  DeLaune  et  al.  1994; 
Leonard  et  al.  1995).  Forecasting  how  changes  in  these 
controls  (e.g.,  involving  new  wetland  creation,  wetland 
restoration,  sea-level  rise)  will  affect  present  and  future 
wetland  species  zonation  requires  identifying  the  relation¬ 
ships  between  hydrology  and  wetland  type  and  health. 

Currently,  the  ability  to  associate  hydrology  with  wet¬ 
land  type  and  health  is  limited  because  of  the  lack  of  both 
high  detail  in  topographic  surface  maps  (McKee  and 
Patrick  1988)  and  timeliness  in  the  production  of  new 
coastal  wetland  maps.  Available  U.S.  Geological  Survey 
(USGS)  topographic  maps  for  the  Gulf  of  Mexico  coast, 
for  example,  use  a  150-cm  contour  interval,  while  the  av¬ 
erage  shore- normal  elevation  gradient  can  be  as  low  as  12 
cm  per  kilometer  for  tens  of  kilometers  (Fruh  et  al.  1973). 
Even  within  this  shallow  gradient,  wetlands  are  diverse 
systems  that  exhibit  extreme  variations  in  areal  extent. 


temporal  duration,  and  spatial  complexity  (e.g.,  Chabreck 
1970).  In  addition,  wetland  vulnerability  and  intensity  of 
use  can  further  complicate  the  spatial  and  temporal  pat¬ 
terns.  For  example,  storms,  herbivory,  and  fire  can  not  only 
confuse  the  classification  of  wetland  type  and  indicators 
of  health,  but  they  can  also  affect  the  response  of  a  wetland 
to  sea-level  rise.  Monitoring  tools  are  needed  that  can  dis¬ 
criminate  wetland  types  and  health  and  also  identify  where 
wetland  change  has  occurred,  what  the  nature  of  the  change 
was  (from-to),  and  what  the  sequence  of  change  was  (e.g., 
recovery).  Maps  produced  by  the  National  Wetlands  In¬ 
ventory  provide  some  of  this  information  (Peters  1994), 
but  the  enormous  investment  in  photography  acquisitions 
and  interpretation  results  in  a  turnaround  of  nearly  10  years 
for  new  map  production  (Wilen  and  Frayer  1990).  To  be 
effective,  the  information  derived  from  the  remote  sensing 
data  must  not  only  be  highly  detailed,  but  also  timely  and 
cost  effective  (Teuber  1990).  Satellite  and  aircraft  remote 
sensing  can  provide  timely  and  cost  effective  data,  but  tech¬ 
niques  must  be  developed  that  can  transform  the  data  into 
information  about  wetland  responses  to  changes  in  the  hy¬ 
drologic  regime  as  a  function  of  global  climate  change  and 
sea-level  rise  scenarios. 

Today,  many  satellites  carry  a  variety  of  remote  sensing 
instruments.  Of  these,  optical  sensors  have  the  longest  his¬ 
tory  of  being  used  for  mapping  wetland  types  and  monitor¬ 
ing  wetland  changes  (e.g.,  Weismiller  et  al.  1977;  Klemas 
et  al.  1980;  Hardisky  et  al.  1986;  Jensen  et  al.  1987;  Ramsey 
et  al.  1992,  1993).  These  sensors  include  the  Landsat  The¬ 
matic  Mapper  (TM)  and,  more  recently,  SPOT  high  reso¬ 
lution  visible  sensors  onboard  satellite  platforms.  Tradi¬ 
tionally,  optical  sensors  provided  nearly  all  the  images  of 
wetland  areas;  however,  with  the  launch  of  Seasat  in  1978, 
radar  has  slowly  gained  importance  in  wetland  mapping 
(Lyon  and  McCarthy  1981;  Ramsey  1998). 

Satellite  optical  imagery  offers  synoptic  coverage  but 
is  constrained  by  the  restricted  ability  of  visible  and  near 
infrared  light  to  penetrate  vegetative  canopies  (Ormsby  et 
al.  1985).  Furthermore,  optical  systems  are  limited  to  fa¬ 
vorable  weather  and  daylight,  hampering  the  ability  to  re¬ 
spond  effectively  to  rapidly  changing  wetland  conditions. 
Radar  imaging  systems  can  overcome  many  of  these  limi¬ 
tations  by  providing  better  canopy  penetration  and  the  ca¬ 
pability  for  day  and  night  acquisitions  nearly  independent 
of  weather  conditions  (Ormsby  et  al.  1985;  Dobson  et  al. 
1992;  Ramsey  et  al.  1994;  Ramsey  1998). 

Integration  of  remotely  sensed  optical  and  radar  infor¬ 
mation  could  provide  much  of  the  information  necessary 
for  linking  hydrology  and  wetland  type  and  health.  In  de¬ 
veloping  tools  to  link  wetland  type  and  health  to  hydrol¬ 
ogy,  our  research  combined  aircraft  and  satellite  optical 
and  radar  data.  Together  these  sensors  provided  the  first 
step  in  building  an  integrated  remote  sensing  system  for 
dynamic  monitoring  of  wetland  hydrology  and  change  and, 
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ultimately,  for  predicting  coastal  vegetation  responses  to 
changes  in  sea-level  and  storm  occurrence  frequency  and 
intensity.  Our  objectives  were  to  establish  methods  that 
use  optical  and  radar  sensors  to  detect  flooding,  improve 
the  coastal  marsh  topographic  information  currently  avail¬ 
able,  provide  timely,  high  definition  (as  many  wetland  types 
as  possible),  high  spatial  detail  (to  about  10-m  resolution) 
wetland  maps,  dynamically  detect  and  monitor  the  impact 
and  recovery  of  wetlands  affected  by  hurricanes,  herbivory, 
saltwater  intrusion,  and  management  practices  (e.g.,  fire), 
and  finally,  to  link  the  hydrologic  regime  to  the  current 
distribution  of  coastal  vegetation.  The  study  area  is  the  St. 
Marks  National  Wildlife  Refuge  (NWR)  in  the  Big  Bend 
area  of  Florida  (Fig.  7-1).  The  primary  focus  of  the  study 
at  the  beginning  was  a  black  needlerush  {Juncus 
roemerianus)  coastal  marsh;  however,  increasingly  work 
has  extended  into  the  transitional  vegetation  (e.g.,  palmetto, 
fresh  marsh)  and  more  inland  pine  and  bottomland 
forests. 

Remote  Sensing  of  Wetland  Type  and 
Hydrology 

Detecting  Coastal  Flooding 

Satellite  radar  was  used  to  map  tidal  flooding  (Ramsey 
1995).  Six  synthetic  aperture  radar  (SAR)  images  of  the 
St.  Marks  NWR  were  acquired  from  ERS-1  satellite  or¬ 
bits  between  May  and  November  1993.  The  radar  images 
were  collected  during  flood  and  nonflood  events  (Fig.  7-2). 


To  perform  the  multidate  analysis  of  the  SAR  images,  it 
was  necessary  to  first  convert  the  relative  radar  returns  to 
comparable  units  and  the  relative  image  coordinates  to  a 
common  georeferenced  base  map.  Near-continuous  record¬ 
ings  of  ground-based  hydrology  measurements,  taken  dur¬ 
ing  the  time  of  the  SAR  image  collections,  were  then  used 
to  link  marsh  flooding  to  lowered  radar  returns.  Flood-ex- 
tent  contours  extracted  from  the  radar  images  (PCI 
Geomatics  1998)  and  calibrated  with  point-water  depth 
measurements  showed  marsh  elevation  could  be  estimated 
to  about  8-14  cm,  compared  to  the  150-cm  topographic 
contours  previously  available.  This  close  estimate  demon¬ 
strates  that  ERS-1  SAR  can  be  used  to  discern  flooded  from 
nonflooded  black  needlerush  marsh.  Even  though  restricted 
to  a  particular  marsh  type  and  to  a  single  SAR  sensor,  this 
ability  provides  a  tool  for  discerning  the  occurrence  and 
monitoring  the  extent  (within  about  25-50  m)  of  flooding 
regionally,  day  and  night,  and  during  almost  any  type  of 
weather.  Additionally,  when  used  with  ground-based  point 
measures  of  water  level,  this  tool  can  be  used  to  generate 
microtopography. 

Generating  Coastal  Microtopography 

A  topographic  surface  map  of  the  low-lying  coastal 
marsh  was  created  by  using  three  flood  extent  vectors  digi¬ 
tized  from  ERS-1  SAR  images  and  two  elevation  contours 
from  USGS  topographic  quadrangles  (Ramsey  1995; 
Ramsey  et  al.  1998a).  Point  measurement  of  water  depth 
at  the  times  of  the  SAR  collections  allowed  conversion  of 


Figure  7-1.  Landsat  Thematic  Mapper  band  5  (mid-infrared)  image  of  the  study  site  at  the  St.  Marks  National  Wildlife  Refuge  (NWR)  in 
the  Big  Bend  area  of  Florida.  This  image  was  collected  on  August  25, 1 993  and  was  acquired  from  USGS  EROS  Data  Center.  The  blue 
outline  encompasses  the  actual  study  area. 


Figure  7-2.  ERS-1  SAR  images  collected  on  October  18  (left;  nonflooded)  and  September  13  (right;  flooded)  of  1993  of  a  black 
needlerush  marsh  within  the  St.  Marks  NWR.  Flooding  lowered  the  radar  return  in  the  coastal  marsh  areas  resulting  in  a  darker  Image. 
(Ramsey  1995,  with  permission  of  Taylor  &  Francis). 


the  flood  extent  vectors  to  topographic  contours  related  to 
mean  sea  level  (within  about  8-14  cm  accuracy).  Genera¬ 
tion  of  the  topographic  surface  map  was  accomplished  with 
a  surface  gridding  algorithm  (Smith  and  Wessel  1990; 
Wessel  and  Smith  1991;  Fig.  7-3). 


Verification  of  the  resulting  topographic  map  was  per¬ 
formed  by  comparing  the  map  to  field-measured  elevations 
taken  at  10-m  intervals  along  five  shore-normal  transects 
(Fig.  7-3).  Field  measurements  were  transformed  into  el¬ 
evations  by  linking  to  USGS  primary  benchmarks. 
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Figure  7-3.  The  modeled  topographic  surface  map  with  one  transect  location.  Relief  recordings  were  collected  at 
10-m  intervals  and  transects  were  linked  to  established  USGS  benchmarks  to  evaluate  the  actual  mean  sea  level.  Three 
of  the  five  topographic  contours  were  developed  with  ERS-1  radar  data  and  on-screen  image  processing  to  detail  beyond 
available  traditional  topographic  contours  data;  two  topographic  contours  (-I-130  cm  and  -220  cm)  were  taken  from  USGS 
standard  1 :24,000  quadrangles.  The  resultant  topographic  surface  has  <  ±  1 5  cm  absolute  mean  error  for  the  entire  area 
(figure  modified  after  Ramsey  et  al.  1998a,  with  permission  of  Coastal  Education  &  Research  Foundation,  Inc.).  Before 
this  study,  the  available  topographic  resolution  for  this  area  was  about  ±150  cm. 
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Errors  in  marsh  topography  resulting  from  the  surface 
gridding  algorithm  were  mainly  associated  with  the  lack 
of  contours  in  areas  such  as  narrow-to-broad  plateaus  and 
topographic  highs  and  lows  and  the  misplacement  of  flood 
extent  vectors  in  sparsely  vegetated  high  marsh,  at  convo- 
luted  marsh-forest  boundaries,  and  at  topographic  depres¬ 
sions.  Overall,  the  standard  deviation  of  differences  be¬ 
tween  measured  and  predicted  elevations  at  747  points  was 
19  cm.  Excluding  abrupt  boundaries  and  topographic  highs 
and  lows  outside  the  range  of  available  contours,  the  stan¬ 
dard  deviation  of  the  differences  averaged  about  14  cm 
(568  observations),  with  most  observations  around  8  cm. 
These  results  suggested  a  5-  to  9-factor  improvement  over 
the  150-cm  topographic  resolution  previously  available  for 
this  area.  With  this  topographic  mapping  tool,  more  real¬ 
istic  simulations  of  flood  extent,  duration,  and  depth  can 
be  generated  at  unprecedented  spatial  and  topographic  reso¬ 
lutions.  What  is  now  required  is  a  landcover  classification 
that  can  take  advantage  of  this  improved  spatial  and  topo¬ 
graphic  detail. 

Classifying  Coastai  Resources 

Georegistered  color  infrared  (CIR)  photography,  Landsat 
TM,  and  ERS-1  SAR  images  were  combined  to  create  a 
map  of  the  marsh  and  upland  vegetation  of  the  refuge 
(Ramsey  et  al.  1998b).  Classifications  using  only  CIR  or 
only  TM  produced  mixed  results,  with  confusion  apparent 
between  marsh  and  forest  classes.  Furthermore,  spatial 
definition  in  the  TM  classification  was  inadequate,  espe¬ 
cially  in  defining  features  such  as  hummocks,  transition 
zones,  small  channels,  and  heterogeneous  and  mixed  inte¬ 
rior  forest  areas.  To  alleviate  these  problems,  CIR  (for  bet¬ 
ter  spatial  detail),  TM  (for  higher  spectral  clarity;  six  re¬ 
flective  bands),  and  SAR  (for  greater  textural  information) 
were  combined  into  one  data  base. 

The  CIR,  originally  scanned  and  mosaicked  to  a  3-m 
spatial  resolution,  was  resampled  to  a  10-m  spatial  resolu¬ 
tion.  The  TM  and  SAR  images  were  resampled  from  25-m 
to  10-m  spatial  resolution.  The  TM,  CIR  photographic,  and 
SAR  image  data  were  classified  by  using  a  clustering  algo¬ 
rithm  (PCI  Geomatics  1998),  a  computational  procedure 
that  combines  groups  of  related  variables.  Instead  of  clas¬ 
sifying  each  image  separately  (Schriever  and  Congalton 
1993;  Wotler  et  al.  1995),  the  six  TM  reflective  bands,  the 
green  CIR  band,  and  a  single  SAR  C  band  (VV,  vertical 
send  and  return)  were  merged  into  a  single  classification 
analysis  (Fig.  7-4  a-c).  To  further  improve  separation  be¬ 
tween  classes,  a  progressive  classification  scheme  was  used 
(Jensen  et  al.  1987;  Ramsey  and  Laine  1997).  The  14  final 
classes  included  water,  marsh,  and  forest  classes,  as  well 
as  burned  marsh  and  burned  forest  (Fig.  7-5). 

A  class-stratified,  random-sampling  technique 
(Congalton  1988)  was  used  to  generate  classification  error 
estimates  for  the  study  area.  The  same  CIR  photography 


used  in  the  classification  was  used  as  reference  data.  Fifty 
samples  were  used  for  each  class  (Congalton  1991). 

Even  though  the  overall  accuracy  was  73%,  class  defi¬ 
nition  and  spatial  detail  were  greatly  improved  compared 
to  classifications  using  solely  TM  or  photography.  Mul¬ 
tiple  marsh  and  forest  types  were  identified  with  only  mi¬ 
nor  to  moderate  overlap  in  some  classes,  and  small-scale 
features  (down  to  around  10  m)  were  detected.  Even  with 
the  use  of  progressive  classification  and  multiple  image 
types,  however,  some  confusion  still  existed  between 
classes.  In  these  cases,  final  class  determination  was  based 
on  retaining  the  landscape  pattern  while  minimizing  the 
classification  error.  This  procedure  was  especially  neces¬ 
sary  in  transition  classes  (e.g.,  low-to-medium  marsh,  high- 
to- fresh  marsh,  fresh  marsh  to  fringe  forest).  Even  though 
higher  classification  accuracy  could  have  been  obtained 
by  aggregating  these  transitional  classes,  the  classification 
more  correctly  represented  the  actual  landcover  pattern  in 
this  extremely  convoluted,  nearly  monotypic  landscape. 
This  new  classification  tool  improves  the  mapping  capa¬ 
bilities  of  the  widely  used  TM  images  spatially  and  in  the 
amount  of  detail,  thus  providing  the  ability  to  discern  subtle 
differences  in  the  vegetation  canopy  even  within  the  same 
species. 

Monitoring  Damage  and  Recovery 

As  an  example  of  monitoring  impacted  wetlands,  the 
recovery  of  burned  black  needlerush  marsh  areas  using  ra¬ 
dar  sensors  was  examined  (Ramsey  et  al.  1998c).  The  ex¬ 
tent  of  burned  marsh  areas  identified  on  a  December  1992 
CIR  photography  mosaic  were  delineated  with  onscreen 
digitizing  (PCI  Geomatics  1998).  These  polygons  were  then 
overlaid  on  July  1993  ERS-1  (C  band  VV  polarization,  de¬ 
fined  previously),  April  1992  USGS  Star-1  (X  band  HH 
polarization,  horizontal  send  and  return),  and  July  1993  P3 
Orion  (L  band  VV,  VH  [vertical  send  and  horizontal  re¬ 
turn],  and  HH  polarizations)  radar  images  (Fig.  7-6  a-b). 
Mean  and  standard  deviation  of  the  data  values  within  each 
polygon  were  extracted  from  each  image.  These  univariate 
statistics  were  entered  into  a  common  data  base  along  with 
the  approximate  times  of  each  bum.  Bum  times  were  from 
a  bum  log  recorded  at  the  refuge  and  from  direct  observa¬ 
tions.  Plots  of  the  radar  means  for  each  bum  site  versus  the 
time-since-bum  and  associated  regression  statistics  were 
generated  (SAS  1989). 

Inspection  of  the  plots  and  the  regression  statistics 
showed  that  significant  relationships  (p  <  0.05)  existed 
between  bum  recovery  and  the  ERS-1  C  band  VV  polar¬ 
ization  and  P3  Orion  L  band  VH  polarization  (Fig.  7-7  a- 
b).  No  significant  relationships  existed  between  single  L 
band  VV  and  HH  returns  and  the  time-since-bum.  Even 
though  the  USGS  radar  returns  were  not  correlated  to  the 
time-since-bum,  the  data  suggested  bums  could  be  identified 
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Figure  7-5.  Classified  map  generated  from  a  combination  of  the  three  data  sources 
(see  Fig.  7-4):  high  resolution  CIR  photography,  Landsat  Thematic  Mapper  Imagery, 
and  ERS-1  SAR  imagery  shown  at  a  final  10-m  spatial  resolution.  For  visual  clarity 
sand  flats  and  oyster  bars/sand  bars  are  combined  (modified  after  Ramsey  et  al.  1 998b, 
with  permission  of  Kluwer  Academic  Publishers). 


400  0  400  800  Meters 


Figure  7-6.  Monitoring  the  recovery  of  a  burned  marsh.  The  burned  polygons  extracted 
from  color  infrared  (CIR)  photography  were  overlaid  on  the  radar  imageries.  (A)  The  April 
1992  USGS  Star-1  SAR  X  band  HH  polarization  and  (B)  the  July  1993  P3-Orion  L  band 
multiple  polarizations  (e.g.,  HH  [red],  VV  [green],  and  VH  [blue]).  The  USGS  Star-1  and 
P3-Orion  SAR  images  were  collected  from  aircraft.  The  outlined  area  shows  a  marsh 
burn  that  occurred  in  March  1991 . 
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Figure  7-7.  Scatter  plots  of  number  of  days  since  burn  versus  signal  return  from  different  burned-marsh  study  sites.  Solid  lines  indicate 
the  predicted  linear  regression  equation,  and  dashed  lines  indicate  a  95  percent  confidence  interval  of  the  predicted  equation.  (A)  ERS- 
1  C  band  VV  polarization  and  (B)  signature  difference  between  the  burned  and  control  sites  of  the  P3  Orion  L  band  VH  polarization. 
Both  SAR  images  were  collected  in  July  1993. 


with  this  radar  at  incident  angles  (scan  angle  of  sensor) 
between  70°  and  77°. 

Overall,  the  combined  data  suggested  that  available  ERS-1 
satellite  and  P3  Orion  aircraft  radars  could  estimate  time- 
since-bum  of  between  400  and  900  days  for  the  black 
needlerush  marsh.  From  the  time  of  bum  up  to  about  400 
days,  USGS  Star-1  radar  could  detect  a  burnt  marsh  at 
incident  angles  less  than  77°.  Expanded  to  a  regional  level, 
these  tools  would  not  only  aid  in  correctly  detecting  change 
and  monitoring  recovery,  but  could  help  in  understanding 
how  wetlands  respond  to  burning  and  other  acute  stresses 
such  as  oil  spills,  herbivory,  and  storm  impacts.  This  knowl¬ 
edge  in  turn  could  aid  in  understanding  how  these  impacts 
may  affect  the  wetland’s  ability  to  respond  to  rising  sea 
levels  and  storm  impacts. 

Linking  Hydroiogy  to  Coastal  Resources 

In  the  previous  sections,  we  demonstrated  our  ability  to 
detect  and  monitor  coastal  hydrology  and  vegetation  type 
and  status.  A  final  objective  of  our  study  is  to  develop  dy¬ 
namic  models  to  explain  changes  in  the  coastal  landscape. 
Reaching  this  objective  requires  us  to  link  the  vegetation 
characteristics  to  the  hydrologic  regime.  Establishing  this 
link  allows  us  not  only  to  better  understand  what  affects 
vegetation  health  but  also  to  forecast  future  distributions 
of  coastal  resources  given  different  scenarios  of  sea-level 
rise,  storm  occurrence  frequency  and  intensity,  and  hu¬ 
man  development.  To  this  end,  we  have  developed  and 


preliminarily  tested  a  flushing  model  to  explain  the  changes 
in  coastal  landscape  by  linking  the  hydrologic  regime  (e.g., 
inundation  extent — duration  and  depth,  soil  moisture,  flush¬ 
ing,  salinity)  to  the  current  and  predicted  distribution  of 
coastal  resources  (e.g.,  vegetation  type,  dead  and  live  bio¬ 
mass,  stmcture  [density,  orientation,  height,  leaf  property, 
and  woody  material]). 

The  flushing  model  is  based  on  predicted  and  measured 
water  level  and  salinity  and  modeled  microtopographic 
data.  The  model  continuously  flushes  the  coastal  area,  gen¬ 
erating  duration  and  depth  of  flood  events  over  time  (Fig. 
7-8).  Initial  results  indicated  tidal  flushing  and  the  depth 
of  inundation  can  explain  up  to  69%  of  the  variation  in  the 
coastal  resources  (Ramsey,  unpublished  data).  This  model 
is  being  validated  with  site  specific  measurements.  These 
are  simplistic  predictions  that  do  not  account  for  factors 
inhibiting  or  exacerbating  coastal  resource  loss  (e.g.,  ero¬ 
sion,  shoreline  protection  structures,  vegetation  loss),  but 
with  refinement  will  at  least  give  resource  managers  and 
coastal  planners  a  reasonable  long-  and  short-term  look  at 
possible  consequences  of  sea-level  rise,  unusual  flooding 
due  to  excessive  rain,  saltwater  intrusion,  storm  impacts, 
and  human  developments. 

Summary 

Remote  sensing  tools  were  developed  based  on  aircraft 
and  satellite  optical  and  radar  data  to  map  flooding,  gener¬ 
ate  microtopography,  refine  landcover  classification,  and 
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Platform  Sites 

Observed 
Q'S  ppt 

Modeled 
O'S  ppt 

Observed 
>10  ppt 

Modeled 
>10  ppt 

Observed 

%Flaoded 

Modeled 
%  Flooded 

Pooled 

^Flooded 

Saline  Low  Marsh 

65.61 

42.53 

11.03 

18.55 

48.2 

40.5 
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Figure  7-8.  Comparison  of  actual  water  level  and  salinity  data  with  the  data  obtained 
as  an  output  of  the  flushing  model.  Five  hydrology  sites  of  eastern  St.  Marks  NWR, 
Florida,  are  shown  on  the  photographic  subset.  The  data  from  three  channel  sites 
are  placed  at  the  freshwater  Input  and  where  the  river  drainage  channel  bifurcates 
(saline  input  and  freshwater  export  -  shown  downstream  of  the  actual  location  for 
clarity).  The  observed  percentages  were  tabulated  from  the  data  collected  on  site 
between  Jan.  18  and  Dec.  16  of  1997  whereas  the  modeled  percentages  are  the 
output  of  the  flushing  model  over  the  same  time  period  with  modeled 
microtopograph ic  data  and  actual  water  level  data  (from  one  channel  site)  as  inputs. 
The  summary  is  preliminary  and  includes  unequal  observations  due  to  equipment 
failures.  An  average  of  7,000  observations  were  used  in  comparing  modeled  and 
observed  salinity  and  flooding.  Some  of  the  differences  in  observed  and  modeled 
salinity  may  be  due  to  the  long  periods  of  pooled  water  at  the  sites  and  the  exclusion 
of  freshwater  inputs  in  the  model  (Ramsey,  unpublished  data). 


detect  and  monitor  change  in  a  coastal  wetland.  These  tools, 
and  tools  in  development,  will  be  used  to  link  vegetation 
type  and  health  to  surface  hydrology  and,  ultimately,  to 
simulate  the  vegetation  response  to  sea-level  rise  and  in¬ 
creasing  occurrence  of  storms  that  may  result  from  global 
climate  change.  Additionally,  tools  are  actively  being  de¬ 
veloped  to  measure  and  monitor  soil  moisture  and  vegeta¬ 
tion  biomass  as  necessary  additions  to  complete  the  link 
between  hydrology  and  vegetation  type  and  health.  In  com¬ 
bination,  the  tools  are  the  beginning  of  an  integrated  re¬ 
mote  sensing  system  for  dynamic  monitoring  of  hydrology 


and  landcover  change  day  and  night,  during  any  weather 
conditions,  and  at  a  higher  spatial  resolution  and  landcover 
detail  with  less  manpower  than  is  now  possible  with  con¬ 
ventional  techniques  and  tools. 
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